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Preface 


Alr-to>air  combat  has  been  of  ^reat  Interest  to  me  since  being  an 
operational  fighter  pilot  in  the  F-4  aircraft.  When  the  subject  of 
working  with  the  Smart  Target  Computer  Simulation  was  proposed  by 
Captain  Philip  L.  Abold  of  the  Air  Force  Flight  Dynamics  Laboratory/ 
Systems  Integration  and  Analysis  Branch,  I was  eager  to  apply  my  flying 
experience  and  engineering  knowledge  to  this  problem. 

The  Smart  Target  Model  is  tsiique,  in  that  it  solves  the  air  combat 
simulation  problem  by  duplicating,  as  closely  as  possible,  what  the 
human  pilot  observes  and  the  logic  he  uses  to  select  and  fly  a certain 
maneuver.  As  an  operational  F-4  pilot  with  combat  experience,  I have 
had  the  opportunity  to  make  these  decisions  and  fly  the  air  combat 
maneuvers  on  a regular  basis.  A great  deal  of  the  work  that  has  gone 
into  this  thesis  is  a direct  application  of  my  experience. 

1 am  indebted  to  Captain  Philip  L.  Abold,  my  sponsor  at  the  Air 
Force  Flight  Dynamics  Laboratory,  for  providing  the  proposal  of  the 
problem,  and  his  encouragement  throughout  my  work  on  this  project,  and 
to  Lieutenant  Richard  Floyd  for  his  Initial  help  In  understanding  the 
Smart  Target  Computer  Program. 

The  assistance  provided  by  my  thesis  advisor.  Dr.  Robert  A.  Calico, 
Jr.,  was  Invaluable,  his  direction  and  continued  motivation  were  greatly 
appreciated  throughout  the  development  of  this  project. 

And  most  of  all,  I must  express  my  deepest  appreciation  to  my  wife, 
Linda,  for  her  continuing  love  and  patience  In  support  of  this  thesis, 
without  which  It  Is  likely  the  project  would  not  have  been  completed. 

Dennis  Louthauser 


11 

■mi— - 


» 


Per  7-?5-79  telecon  with  AFIT  (Mr. 
Wolaver)  Plea'e  delete  the  classified 
references 


Con ten ta 


Preface  . . . . 
List  of  Figures 
List  of  Tables 


Abstract vlll 

I.  Introduction  1 

Backgroimd 1 

Problem  3 

Scope 3 

Plan  of  Development  ...  .......  4 

II.  Smart  Target  Theory  S 

Aircraft  Axis  Systems 3 

Decision  Parameters  11 

III.  Situation  Cell  and  Tactics  Selection  17 

Role  Designation  and  Maneuver  Selection  17 

Attack  Role 24 

Offensive  Role 25 

Defensive  Role 28 

Evasive  Role 30 

IV.  Air  Combat  Maneuvers 36 

Evasive  Maneuvers .* 36 

Maximum  Energy  Maneuver  . ....  36 

Hard  Turn 37 

Vertical  Dive  Followed  by  a Hard  Pull  Up 37 

Hard  Pull  Up 37 

Maximum  Rate  Turn  37 

Hard  Turn  Followed  by  a Turn  Reversal 39 

Split  S 39 

High  G Rolls 39 

Defensive  Maneuvers  43 

Scissors  .....  43 

Vortical  Rolling  Scissors  . 43 

Offensive  Role 43 

Pursuit  Curve  43 

High  Speed  Yo-Yo  .........  46 

Barrel  Roll  Attack 46 

Low  Speed  Yo-Yo  46 


111 


( 


Pa*« 


Attack  Mnnouvors  30 

Missile  Attack 30 

<iun  Attack 30 

Head-On  Gun  Attack 30 

! 

I V.  Pilot  Modol 33 

j 

I The  Real  Pilot 34 

VI.  Control  Filter 37 

1 

i VII.  Aircraft  Model 60 

Aircraft  Equations  of  Motion  .....  60 

j F-4  Target  Modol 64 

I Opponent  Modol 63 

j VIIl.  Additional  Subroutines  and  Function  Subprograms  67 

SUaROUTINE  TRNSSB 67 

SU3R0UTINE  ATMOS  67 

I FUNCTION  EXTR^V 67 

I SCHROUTLVE  L'ULER 67 

fSUIlROUTlNE  ISELCT 68 

SUBROUTINE  RANDU  68 

IX.  Results 69 

I 

X.  Conclusions  and  Reconcnondatlons  ..............  78 

Conclusions 78 

Rccontmondatlons 79 

' Applications  79 

Bibliography 81 

Appendix  At  Smart  Target  Computer  Program  Listing  83 

Appendix  Bt  Smart  Target  Aerodynamic  Data  143 

Appendix  C:  Smart  Targot  Tost  Results  146 

Vita 134 


Vita 134 


List  of  Figures 

Figure 

1 Information  Flow  for  Smart  Target  Model  

2 Axis  Systems  Used  In  Aircraft  Simulation  . . . . 

3 Spherical  Coordinate  System  Superimposed  upon  the 

Body  Fixed  Coordinate  System  . 

U Geometrical  Relationship  In  Air  Combat  

5 Uetermlnatlon  of^p  

6 Uetermlnatlon  of  r|  

r 

7 ISTATE  Flowchart  

8 Situation  Space  for  the  Attack  Role  

9 Situation  Space  for  the  Offense  Role  

10  Situation  Space  for  the  Defense  Role  

11  Situation  Space  for  the  Evasive  Role  

12  Vertical  Dive  Followed  by  a Hard  Pull  Up  . . . < 

13  Split  S Maneuver  

14  High  G Roll  Over  

15  High  G Roll  Underneath  

16  Scissors  Maneuver  

17  Vertical  Rolling  Scissors  

18  Pure  Pursuit  Curve 

19  High  Speed  Yo.Yo  

20  Barrel  Roll  Attack  

21  Low  Speed  Yo>Yo  

22  Ulstrlbutlon  of  Pilot  Skill  Levels  . . 

23  Control  Rate  Model 

24  Responsive  Simulation  In  the  Evasive  Role  . . . . 


26 

27 

29 

32 

38 


j 


Tablo 


Pag« 


List  of  Tables 

Air  Combat  Maneuvers  Selected  for  £ach  Situation  Cell  . . . 

Kole  Decision  Parameters  Based  upon  Pilot  Skill 
Factor  as  Dotcrmlncd  by  SUUKOUTINS  SKILL  

Initial  Conditions  for  Smart  Target  Test  Runs  . . 

Aerodynamic  Coefficients  and  Stability  Derivatives  . . . . 

Hard  Pull  Up 

Split  S 

High  G Roll  Over 

High  C Roll  Underneath  ..........  

Maximum  Cnorgy  Maneuver  ...........  

Maximum  Rate  Tiim 

Vertical  Rolling  Scissors  ...  

Scissors 

High  Speed  Yo-Yo  

Low  Speed  Yo-Yo  


vll 


i I 


AFlT/GA£/A\/7aN-7 


Ahatr<<ct 


Y Research  aaci  evaluation  were  conducted  to  dotennine  tf  an  adaptlv* 
maneuvering  target  could  be  utilised  for  alr-to>alr  combat  simulation 
In  the  Large  Amplitude  Multimode  Aerospace  Research  Simulator  (LAHARS). 

A computer  program  was  developed,  based  on  vjuest  Corporation's  Smart 
Target,  which  enabled  the  target  to  make  tactical  decisions  based  on 
aircraft  states,  make  variations  In  decision  parameters  corresponding 
to  differences  In  pilots,  and  to  provide  control  Inputs  to  fly  actual 
air  combat  maneuvers.  Validation  of  the  simulated  target  was  accom« 
pllshed  bv  numerous  test  runs  to  ensure  simulated  maneuvers  were  realla> 
tic,  and  continuity  between  maneuvers  at  different  pilot  skill  levels 
was  valid.  . 
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OF  ONC'ON-UNE  AIR-TO-AIK  COMBAT 


1.  Introduction 


Backgrotmd 

The  simulation  of  alr>to>alr  combat  la  not  a new  field  (Ref  111). 
However,  the  greatest  strides  In  developing  realistic  air  combat  slniu> 
lators  have  been  achieved  since  the  advent  of  digital  and  hybrid  corn* 
puters.  Many  U.  S.  Government  agencies  and  private  corporations  have 
developed  such  simulators.  There  have  been  many  techniques  emplovod  In 
simulating  alr-to-alr  combat.  These  Include  differential  games  theory, 
numerical  methods  in  trajectory  opt Imlsat 1 on.  energy  maneuverability, 
and  adaptive  maneuvering  targets.  Although  these  approaches  may  be  very 
useful  In  determining  optimal  flight  paths,  evaluating  missile  guidance 
systems,  or  designing  automatic  control  systems,  they  lack  the  realism 
of  a human  piloted  aircraft. 

Therefore.  In  simulating  aerial  combat,  a realistic  piloted  target 
Is  desirable.  Many  other  adaptive  maneuvering  targets  have  been  developed 
with  varying  degree  of  complexity  (Refs  2-5).  The  Tactics  11  target  uses 
one  all  encompassing  tactical  rule  and  limits  Itself  to  the  horltontal 
plane.  Other  models,  such  as  COAP  and  TAC  Avenger,  are  able  to  generate 
some  of  the  classical  air  combat  maneuvers,  but  are  too  deterministic 
within  the  defensive  part  of  an  engagement.  The  Adaptive  Maneuvering 
Logic  (AML)  model  provides  the  best  maneuvering  target  to  date.  However, 
the  target  has  proved  unrealistic.  In  that  It  Is  able  to  maneviver  bevond 
the  normal  capabilities  of  most  aircraft. 


In  1976,  the  Aerospace  Medical  Research  Laboratory  (<\MRL)  at  Wrlght- 
Patterson  APH,  Ohio  saw  a need  for  a maneuvering  target  to  he  uswd  In 
their  Oynamlc  Environment  Simulator  (UES).  They  contracted  to  the  Quest 
Research  Corporation  to  provide  a computer  simulation  which  would  In- 
corporate target  logic  Into  equations  of  motion  of  a simulated  aircraft, 
determine  the  state  of  the  aircraft  In  real  time,  and  display  the  target 
continuously  over  a subject's  field  of  view.  The  Quest  Corporation  sur- 
veyed many  of  the  above  mentioned  simulation  systems.  They  concluded 
that  the  best  overall  tactical  model  for  a responsive  target  was  the 
one  developed  by  Captain  Robert  P.  Barrett  In  his  AFIT  Master's  Thesis 
(Ref  6).  The  Smart  Target  computer  program  was  then  written  by  the 
Quest  Corporation  based  upon  Barrett's  model  (Ref  7), 

Smart  Target  Is  unique  In  that  It  responds  to  the  maneuvers  flown 
by  the  simulator  pilot,  which  In  turn  forces  the  pilot  to  change  his 
controls  In  response  to  the  target's  maneuvering.  But,  because  the  tar- 
get Is  Intended  to  fly  against  a human  pilot,  this  target  has  been  de- 
signed to  duplicate,  as  closely  as  possible,  the  logic  utilized  by  a 
pilot  In  reaching  decisions  and  executing  them.  To  accomplish  this, 
the  entire  combat  space  Is  divided  into  situation  cells.  For  each  of 
these  situation  cells,  air  combat  tactics  dictate  which  classical  air 
combat  maneuvers  will  be  flown.  This  model  contains  a full  repertoire 
of  tactical  maneuvers,  so  that  It  may  effectively  operate  In  all  regions 
of  the  combat  space.  The  selection  of  a certain  maneuver  In  a given 
situation  Is  also  dependent  upon  the  skill  level  of  the  simulated  pilot. 
The  pll«»t's  skill  level  and  hence  his  decision  process  may  be  altered. 
This  skill  level  ranges  from  the  over-aggressive,  over-confident  fighter 
pilot,  to  the  newly  trained,  timid  pilot. 


I 

I 

The  Air  Force  FllKhC  Dvnamlcs  LabornCory/Systcms  InCeKratlon  and 
Analysis  Branch  (AFFDL/FCD)  Is  Involved  In  an  F-106  Integrated  Fire 
Flight  Control  (IFFC)  simulation  program.  One  phase  of  this  program  la 
to  Investigate  the  adequacy  of  their  Large  Amplitude  Multimode  Aero* 
space  Research  Simulator  (LAMARS)  In  an  alr»to-alr  combat  environment. 
AFFUL/FGU  concluded  that  Smart  Target  would  provide  the  necessary 
maneuvering  target  to  validate  their  alr-to-air  simulation. 

Problem 

rhe  problem  of  this  thesis  is  to  evaluate  the  Smart  Target  computer 
program  wd  make  necessary  changes,  so  that  It  may  provide  a responsive 
target  for  simulator  use.  The  purpose  of  this  study  Is  to  determine  if 
Smart  Target  provides  an  acceptable  maneuvering  target  for  the  LAMARS 
air  combat  simulation. 

/ 

Scope 

In  evaluating  the  Smart  Target,  the  following  areas  are  covered! 

1.  Check  the  logic  by  which  the  target  selects  an  appropriate 
maneuver  In  any  given  situation. 

2.  Evaluate  the  factors  upon  which  the  target  bases  Its  decision. 

3.  Redefine  the  controls  necessary  to  fly  each  selected  maneuver. 

4.  Ensure  that  the  target  continuously  responds  to  changes 
Initiated  by  the  opponent. 

5.  Experiment  with  different  pilot  skill  levels. 

This  evaluation  was  not  run  on  the  LAMARS  system  duo  to  lack  of 
computer  time.  The  entire  simulation  was  conducted  on  the  CUC  6600 

computer. 
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The  program  was  obtained  fron  AMKL.  Since  they  had  made  numerous 
changes  to  Smart  Target,  the  first  step  In  solving  this  problem  was  to 
return  the  program  to  the  original  format  used  by  the  (^est  Corporation. 
Second,  various  subroutines  required  modification  so  that  the  program 
would  be  compatible  with  the  CDC  6600.  Third,  an  aircraft  model  developed 
using  dynamics  of  an  (‘'•AC/J  alrci'ft  was  attached.  Fourth,  various  test 
cases  were  run  to  verify  that  the  target  selected  the  correct  maneuver 
for  each  situation  cell.  Fifth,  the  desired  control  Inputs  wers  altered 
extensively  so  that  the  maneuver  flight  paths  were  realistic.  And 
finally,  numerous  test  cases  wore  executed  to  evaluate  the  effect  of 
pilot  skill  level  on  the  maneuvers  simulated. 


II,  Smart  Target  Theory 


A generalized  Information  flow  diagram  of  the  Smart  Target  model 
Is  shoiai  In  Fig.  1.  It  shows  how  the  tactics  selection  logic  relates 
to  the  entire  responsive  target  model.  The  opponent  aircraft  and  tar* 
get  dynamic  models  provide  the  geometric  Inputs  to  the  tactics  selec* 
tlon  model.  These  are  discussed  In  detail  In  Chapter  VII.  Another 
Input  to  the  tactics  selection  logic  Is  the  pilot  model,  which  Is  dls* 
cussed  In  Chapter  V.  The  tactics  selection  logic  outputs  the  situation 
cell  In  which  the  aircraft  presently  resides.  This  situation  cell  along 
with  the  dynamical  Inputs  from  the  target  and  opponent  provide  the  basis 
for  the  maneuver  generation.  The  maneuver  generation,  covered  In 
Chapter  IV,  determines  the  desired  value  of  angle  of  attack,  side  slip 
angle,  bank  angle  and  thrust  to  be  used  In  a particular  air  combat 
maneuver.  Since  the  desired  controls  frequently  exceed  the  aircraft's 
capability,  a control  filter  Is  used  to  limit  the  values  of  the  control 
variables.  This  control  filter  is  covered  In  Chapter  VI.  These  control 
variables  are  Input  to  the  target  dynamical  equations  to  generate  the 
actual  flight  path.  These  target  dynamics  are  then  fed  back  to  the 
tactics  selection  logic  and  to  the  opponent's  visual  display. 

Aircraft  /\xls  Systems 

Prior  to  developing  the  actual  dynamics  of  the  Smart  Target  model, 
a discussion  of  the  various  coordinate  systems  used  Is  appropriate. 

In  every  dynamics  problem,  an  Inertial  reference  frame  must  bo 
defined.  For  the  purpose  of  this  thesis,  an  earth  surface  fixed  co* 
ordinate  system,  Fg,  will  bo  considered  as  the  Inertial  frame.  Several 


TACTICS 

PILOT 

d£UtCTlUn 

LOGIC 

MODEL 

MANEUVER 

GENERATION 

LOGIC 


OPPONENT 

AIRCRAFT 

DYNAMICS 


CONTROL 

FILTER 


TARGET 

DYNAMICS 


OPPONENT 

VISUAL 

DISPLAY 


Information  Flow  for  Smart  Target 
Model  (Ref  7:3«3) 


r 


assumptions  are  made  regarding  the  choice  of  this  Inertial  frame. 

First,  It  Is  assumed  that  the  earth  is  flat,  and  that  the  rotation  of 
the  earth  can  be  neglected.  Second,  gravity  Is  assumed  to  be  a constant 
In  both  magnitude  and  direction.  Third,  It  Is  assumed  that  no  vlnd  or 
movement  of  the  air  mass  exists.  The  axis  Is  directed  vertically 
down  and  X£  - Is  the  horizontal  plane,  with  Xg  pointing  north  and 
y£  pointing  east. 

The  vehicle  vertical  reference  frame,  Fy,  Is  attached  to  the  air- 
craft at  the  center  of  gravity  (c.g.).  The  Zy  axis  Is  directed  verti- 
cally downward,  along  the  local  gravity  vector.  The  Xy  axis  points 
north  and  the  yy  axis  east.  Since  the  earth  is  assumed  flat,  Fy  has 
axes  parallel  to  F£,  and  the  angular  velocity  between  the  frames,  (t)  , 

Is  zero.  Hence,  If  the  origin  of  the  earth  surface  frame  is  located 
Immediately  below  the  vehicle  at  time  zero,  the  target  coordinates 
would  be  X£  - 0,  y^  ■ 0,  Zg  • -h^,  where  h,p  is  the  altitude  of  the 
target. 

The  target  pilot  views  his  opponent  from  a body  fixed  coordinate 
system,  Fg.  In  this  system,  the  origin  Is  located  at  the  c.g.  of  the 
aircraft.  The  Xg  axis  is  directed  forward  along  the  Intersection  of 
the  plane  of  symmetry  and  the  waterline  plane.  The  Zg  axis  is  oriented 
down  from  the  aircraft  in  the  plane  of  symmetry  and  perpendicular  to 
the  Xg  axis.  The  Xg  - Zg  plane  Is  the  plane  of  symmetry  of  the  air- 
craft. The  yg  axis  is  oriented  out  the  right  wing  and  completes  a 
right-handed  orthogonal  system.  The  angular  velocity  of  Fg  relative 
to  Fg  Is  (i),  and  has  the  components  p,  q,  and  r.  'fho  components  of  Vg 
are  u,  v,  and  w. 
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The  reference  frame  used  for  Che  aircraft  force  equations  is  Che 
air  trajectory  reference  frame,  or  wind  axes  (Kef  H:109).  The  oriRln 
of  this  frame  is  at  the  aircraft  c.x«  The  x^  axis  is  directed  along 
the  velocity  vector  of  Che  aircraft.  The  axis  is  perpendicular  to 
Che  axis  and  lies  in  Che  plane  of  symmetry.  The  y^  axis  coropleCes 
a right-hand  orthogonal  coordinate  system. 

In  addition,  the  stability  axis  system  is  utilized  when  dealing 
with  Che  aerodynamic  coefficients.  In  this  right-handed  coordinate 
system,  Che  origin  is  fixed  at  the  c.g.  The  Xg  axis  is  Che  projection 
of  Che  x^  axis  on  Che  aircraft  plane  of  symmetry.  The  angle  between 
these  two  axes  is  defined  as  the  side  slip,  3.  The  angle  between  the 
Xg  axis  and  the  Xg  axis  is  defined  to  be  the  angle  of  attack,  a.  The 
Zg  axis  lies  in  the  plane  of  symmetry  and  is  coincident  with  the  s^ 
axis.  In  a similar  manner  the  yg  axis  is  coincident  with  the  vg  axis. 
Fig.  2 shows  the  relationship  between  the  various  coordinate  systems. 

In  air  combat,  the  pilot  actually  considers  his  opponent  in  a 
spherical  coordinate  system  superimposed  upon  the  body  axis  system.  In 
this  system,  Rp  is  the  range  to  the  opponent.  In  this  thesis,  the 
subscript  T refers  to  the  target  or  reference  aircraft  or  to  the  target 
fixed  vertical  reference  frame.  The  F or  OPP  subscripts  denote  the 
fighter  or  opponent  or  non-reference  aircraft.  The  symbol  Cp  denotes 
the  azimuth  angle  to  the  opponent,  and  is  measured  positive  to  the  right 
in  the  Xgyg  plana.  The  elevation  angle,  Hp,  is  positive  above  the 
XgVg  plane.  This  is  shown  in  Fig.  3. 

The  orientation  of  Fg  with  respect  to  Fy  may  bo  found  by  consecu> 
tive  rotations  about  the  axes  z,  y,  x,  through  the  angles  l)r,  0,  0, 
respectively. 
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Fig.  3.  Spherical  Coordinate  System  Superimposed  Upon  the  Body  Fixed 
Coordinate  System  (Ref  6:9) 


1.  Ihe  rotation  l|f  Is  about  the  Sy  axis  and  carries  the  axes  to 

X2  y2  *2*  'i'  heading  angle. 

2.  The  rotation  0 Is  about  the  y2  axis  and  carries  the  axes  to 

X3  y3  a3.  9 is  tho  pitch  angle. 

3.  The  rotation  0,  about  tho  X3  axis,  carries  tho  axes  to  their 
final  position,  Fg.  0 Is  the  bank  angle. 
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In  orvlor  for  tho  tArgot  to  roACt  roAllr.ttc.illy*  Cho  Actu.il  logic 

used  by  a pilot  In  rcnchlng  his  doclslon  Is  slmulAtod.  At  vory  long 

rongos  the  pilot  soes  his  opponent  as  a point  mAss.  Ho  Is  able  to 

estimate  r.ingc*  Azimuth*  and  elevation.  As  time  progresses*  ho  Is  Able 

• • • 
to  estimate  r.ingo  rate*  Rp*  azimuth  rate*  ^p*  and  elevation  rate*  hp. 

As  range  decreases*  tho  pilot  soes  the  opponent  as  a rigid  body*  with 

a specific  angular  orientation  within  his  body-fixed  frame.  This  Is 

the  level  at  which  decisions  are  usually  made. 

The  situation  space  used  In  developing  tho  Smart  Target  tactics 
Is  composed  of  37  situation  cells.  These  situation  colls  wore  defined 
because  a meaningful  difference  In  combat  tactics  selection  exists 
between  o.tch  cell  and  the  surrounding  regions.  The  five  dimensions 
used  to  define  tho  combat  space  are  range*  r.inge  rate*  steering  error* 
steering  error  of  the  opponent*  and  angle  off.  The  pilot  views  these 
parameters  In  his  body  axis  system.  Figure  4 shows  tho  geometrical 
relationship  of  those  dimensions.  6.^*  the  steering  error  of  the 
target*  Is  defined  to  bo  the  angle  between  the  velocity  vector  of  the 
target  and  the  range  vector.  Likewise*  tho  steering  error  of  the 
opponent,  0ypp*  Is  defined  to  be  tho  angle  between  tho  opponent  velocity 
vector  and  the  range  vector.  Tho  angle  off  of  tho  target*  0^*  Is  de- 
fined to  be  the  angle  between  the  opponent  velocity  vector  and  tho  llne- 
of-slght  extended  through  the  opponent.  Situation  space  dlchotomtiatlon 
logic  uses  tho  five  variables*  range*  range  rate*  0f*  Q^pp*  «nd  to 
determine  In  which  of  tho  37  situation  colls  tho  target  aircraft 
presently  resides. 


Fig.  4.  Geometrical  Relationship  In  Air  Combat  (Ref  7t3«S) 


The  computer  simulation  continuously  updates  the  target's  relative 
states.  These  are  In  the  earth  surface  fixed  frame.  To  enter  the 
tactics  selection  logic*  the  earth^flxed  coordinates  must  be  trans* 
formed  to  the  body  axis  system  and  then  to  the  pilot's  spherical 
coordinate  system.  The  target  states  consist  of  the  following  com- 
ponents t 

^TE*  ^TE*  ‘tE*  position  coordinates. 

u^g*  Vjg,  velocity  components  In 

the  Xg*  y£,  directions*  respectively. 

’^TE*  ^TE*  ^TE*  corresponding  to  heading 

angle*  pitch  angle*  and  bank  angle* 
respectively. 
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Kor  the  fighter  or  opponent,  the  correspond InR  terms  «re  lahelod  XQpp 


through  Wyjjp  and 

through  Ppg. 

First  the  opponent's  relative  position 

Is 

determined  In  the  target 

vertical  frame! 

Ax  - 

Xypp  - X^g 

(1) 

Ay  ■ 

Vqpp  - y-rg 

(2) 

As  • 

*0PP  ’ *TE 

(Ax^  ♦ Ay^  ♦ As^)^ 

(3) 

Rp  - 

(4) 

The  opponent's  relative  velocity  components 

in 

this  frame  are! 

Au  ■ 

“OPP  * “XE 

(5) 

Av  - 

VqPP  * ''tE 

(6) 

Aw  • 

WqPP  ’ ''tE 

(7) 

The  position  end  velocity  components  of  the  flshtor  are  tninsformed 
from  the  tercet  fixed  vertical  frame  to  the  body  fixed  frame  throuRh  an 
Euler  angle  transformation.  The  transformation  matrix  1st 


cOctjj 

cOsilt 

-s9 

Hv  " 

sps/lalj  - c0s'[f 

s^>s0s',lt  ♦ clft«l» 

spc9 

c^sBctlj  ♦ s|9s:lr 

C0s9silt  • s0ctlf 

c^:9 

(8) 


where  c and  s are  abbreviations  for  cosine  and  sine,  respectively.  The 
angles  8,  and  represent  8^^,,  and  respectively. 


Xp 

Ax 

yp 

- Lgy 

Ay 

»F 

As 

Up 

Au 

■qsp  - ryp' 

'^F 

Av 

- 

rxp  - pSp 

Wp 

Aw 

pyp  - qxg 

(1) 


(10) 
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Axlauth  and  elevation  anKles  con  now  bo  determined 


r 


I 


Hw  - sln"^  ( ) 

' Rjf 

-1  / riL 


- sln“^  ( 


Rp  C08  Hi 


(11) 

(12) 


Iho  rules  for  selecting  the  proper  quadrant  for  these  and  other 
angles  in  this  chapter  may  be  found  in  the  listing  of  PROGRAM  SMTTCT 
in  Appendix  A. 

The  range  rate,  Rp,  is  found  by  taking  the  scalar  product  of  the 
fighter's  velocity  vector  in  the  target's  body  frame  and  the  line>of« 
sight  vector  to  the  fighter. 

e 

Rp  m Up  COS  np  COS  ^p  ♦ Vp  cos  ^p  sln  Cp  “ wp  sin  Hp  (13) 

The  heading  angle  of  the  opponent  expressed  in  the  body  centered 
frame,  ijrp,  must  be  found  in  order  to  determine  the  arimuth  rate  and 
elevation  rate  of  the  opponent.  t|fp  is  simply  the  angle  between  the 
target  Xg  axis  and  the  component  of  the  opponent's  relative  velocity 
vector  in  the  x^yg  plane.  Refer  to  Fig.  3. 


i 


m cos 


If  V{r  Is  neKAtlve,  Ch«n 


tVc  > - cos 


rh«  special  cases  where  Kqs  (14)  or  (19)  become  sini^ular  are 


treated  In  PKOCRAM  SMTTGT.  Kefer  to  Appendix  A,  PKUGKAH  SMTTCT. 


This  e<]uatlon  Is  shown  In  FIr.  5,  Also, 


2 2 5 

(Uf  » ) cos  ('lip  - 'V  • ”F  cos  1 


See  FIr.  6,  which  shows  the  plane  containing  the  su  axis  and  Che 


1 Ine-of-slRht  Vector. 


(Up  ♦ Vp  ) cos  (ijf 


UetemlnaClon  of  n~  (Ref  6tl7) 


Next»  the  steering  errors  and  angles  off  are  determined.  The 
target's  angle  off,  fij.  Is  found  according  to  the  following  equations 

A Vqpp  . Rp 

cos  m ^ . 

Vqpp  Rp 


( Ax)(uQpp)  ♦ ( AyXvQpp)  ♦ ( Az)(wQpp) 
Vqpp  Rp 


The  target's  steering  error  to  the  opponent  Is  slmplyt 


cos  G.].  cos  4p  cos 


The  opponent's  steering  error  isx 


®OPP  “ tt  - 


The  opponent's  angle  off  Is  not  used  In  this  simulation. 


III.  S 1 tun t: Ion  Cell  and  Tact Ics  Selection 


This  chapter  contains  a discussion  of  the  situation  cell  and 
maneuver  selection  as  determined  in  FUNCTION  ISTATE.  The  situation 
space  dichotomization  logic  uses  the  four  variables,  range,  Rp,  range 
rate,  Rp,  the  deviation  angle  or  steering  error  of  the  target,  9^,  and 
the  angle  off  of  the  target,  |6>j>,  which  were  developed  in  the  previous 
chapter. 

i 

1 

Role  Ues tpnatlon  and  Maneuver  Selection  i 

An  aircraft  in  the  air-to-air  combat  environment  may  assume  one  of 
four  basic  roles t 

1.  The  attack  role  occurs  when  the  target  is  in  a situation 
nearing  weapons  utilization.  In  this  case,  the  deviation  angle  is  small 
whether  in  Che  front  or  rear  hemisphere  of  the  opponent. 

2.  The  offensive  role  occurs  when  the  target  has  an  advantage 
over  the  opponent,  but  is  not  necessarily  in  a position  to  utilize  his 
weapons. 

3.  The  defensive  role  occurs  in  two  cases;  in  both  cases  Che 
target  is  in  the  front  hemisphere  of  the  opponent.  Cither  Che  target 
no  longer  considers  himself  to  have  a steering  error  advantage  over  the 
opponent,  or  the  opponent  has  a steering  error  of  less  than  20  degrees. 

4.  The  evasive  role  occurs  when  the  target  is  in  a position  to 
have  weapons  launched  against  it.  In  this  case,  an  immediate  evasive 
maneuver  must  be  performed. 

Within  each  of  these  role  designations,  the  target  may  select  from 
several  combat  maneuvers,  depending  upon  which  situation  coll  he 
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5 • attack 
U - otCensa 
3 • defcnsa 
2 > evasion 

Within  the  attack  role  there  are  two  basic  components  which  correspond 
to  attack  from  the  front  of  the  opponent  and  attack  from  the  rear  of 
the  opponent.  Likewise,  the  offensive  role  Is  divided  Into  front 
offense  and  rear  offense,  A flow  chart  of  the  decision  logic  Is  pre- 
sented In  Fig.  7. 

The  role  decision  parameters  used  In  the  FUNCTION  ISTATE  are  Input 
from  SUBROUTINE  SKILL.  These  parameters  are  defined  and  their  nominal 
values  given  below. 

0^2  Is  nominally  90®,  It  Is  the  target's  maximum  angle  off  for  a 
rear  attack. 

Is  the  maximum  angle  of  attack  utilised  bv  the  target  aircraft. 
This  determines  the  amount  of  steering  error  which  can  be  cancelled  In 
an  Immediate  attack. 

6q  Is  the  target's  maximum  steering  error  for  a frontal  attack. 
Nominally,  It  Is  30®. 

Is  the  target's  maxlmiun  steering  error  for  frontal  offense. 
Nominally,  It  Is  60®. 

Is  an  arbitrary  angle  beyond  which  the  opponent's  steering 
error  Is  considered  largo.  It  Is  20®  In  the  nominal  case. 
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194,  200,  900  • SfcaC«ffl«nC  Lab«ls 


(continued)  ISTATE  Flowchart  (Ref  7:A«29) 


(cont inusd)  ISTATC  Flowchart  (Ref  7:A~30) 


VEASTG  - Equivalent  Airspeed  (ft/sec) 
ISELCT  - Oetemines  Random  Maneuver 
300,  320,  330,  332,  340,  350,  370,  380,  900  - Statement  Ubels 

OFFENSE 


(continued)  ISIATE  Flowchart  (Ref  7:A*31) 


ISTATC  • Situation  Coll 


Is  nominally  set  at  10  . If  the  tarRot's  steering  error 

Ug 

exceeds  his  opponent's  steering  error  by  more  than  the  opponent 

would  be  considered  to  have  a distinct  advantage. 

Is  the  maximum  effective  tracking  range.  This  indicates  the 
range  beyond  which  the  probability  of  being  killed  by  Che  opponent  de« 
creases  sharply.  If  the  target  assumes  his  opponent  carries  missiles^ 
Rg,ax^  is  arbitrarily  set  at  6000  feet.  If  the  target  could  ascertain 
that  the  opponent  had  no  missile  capability,  Rp,ax^  could  be  set  to  3000 
feet.  However,  this  would  usually  be  an  unwise  assumption  to  make. 

R^aXy  maximum  weapon  range.  Again,  the  target  must  assume 

the  worst  conditions,  since  he  does  not  know  the  status  of  the  weapons 
carried  by  his  opponent.  RjnaXyj  20,000  feet.  This  corres- 

ponds to  an  opponent  with  a long  range  missile  capability. 

Attack  Role 

The  first  test  in  determining  the  target's  role  is  whether  the 
angle  off  of  the  target  is  less  than  Pq^.  This  indicates  whether  or 
not  the  target  is  in  the  front  hemisphere  of  the  opponent.  The  next 
level  checks  the  steering  error  or  deviation  angle  of  the  target,  9^, 

If  the  target  is  in  the  opponent's  front  hemisphere  and  is  less  than 

the  target  is  in  the  rear  attack  role.  On  the  other  hand,  if  the 
target  is  in  the  front  hemisphere  with  the  steering  error  less  than 
^0^^*  i^  is  in  the  front  attack  role.  Once  it  has  been  determined  that 
the  target  is  in  the  front  attack  role  the  remainder  of  the  logic  is 
based  only  on  range. 

For  the  frontal  attack.  If  the  range  to  the  opponent  is  greater 
than  20,000  feet,  the  target  will  perform  a barrel  roll  attack.  If  the 


range  lies  between  12,000  feet  and  20,000  feet,  the  target  will  fly  a 
pure  pursuit  for  a missile  attack.  And  If  the  existing  range  Is  less 
than  12,000  feet,  a head  on  gun  attack  Is  appropriate. 

For  the  roar  attack  role,  there  are  three  categories  of  0^,  angle 
off,  which  are  considered  In  addition  to  range.  These  categories  of 
angle  off  are  less  than  45°,  greater  than  45°  and  less  than  60°,  or 
between  60°  and  For  these  categories,  the  target  will  select  a 

pure  pursuit  course  to  decrease  range,  a pure  pursuit  course  to  track 
for  a missile  attack,  a lead  pursuit  course  to  track  for  a gun  attack, 
or  a high  speed  yo-yo  to  avoid  overshooting  the  opponent.  See  Fig.  8 
for  the  exact  situation  cells  corresponding  to  attack  role.  In  this 
figure  and  the  ones  that  follow,  the  opponent  velocity  vector  Is  located 
at  the  center  of  the  figure  and  the  range  along  the  vertical  axis. 
Although  these  plots  are  only  a two  dimensional  representation  of  range 
and  angle  off,  they  facilitate  understanding  which  regions  apply  to  each 
situation  cell. 

Offensive  Role 

If  It  Is  determined  that  the  target  Is  In  the  rear  hemisphere  of 
the  opponent,  but  not  In  the  attack  role,  the  target  Is  in  the  rear 
offense  role.  In  this  role  it  is  first  determined  whether  the  angle  off 
is  less  than  60°  or  between  60°  and  Tlie  next  step  is  to  determine 

o 

whether  the  target  has  a steering  error  greater  than  90  . This  Indi- 
cates that  the  aircraft  arc  separating,  probably  as  a result  of  a pass 
in  a nose  quarter  attack.  These  situations  are  considered  separately. 
The  other  rear  offense  situations  are  further  broken  down  by  range. 

See  Fig.  9 for  the  rear  offense  situation  space. 
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[ ^ Thoro  are  three  situations  In  which  the  target  Is  considered  to  be  ^ 

( ! 

on  offense  In  the  opponent's  front  hemisphere.  The  first  case  occurs  I 

when  the  tarset  steering  error  Is  Kreater  than  and  less  than 
The  second  case  occurs  when  the  steering  error  Is  greater  than  9q^  and 

■ less  than  The  third  case  occurs  when  the  steering  error  of  the 

opponent  is  less  than  but  the  range  Is  greater  than  H,naxg* 

Fig.  9. 

Oefenslve  Role 

The  defensive  role  occurs  for  two  cases  when  the  target  Is  In  the 
front  hemisphere  of  the  opponent  and  has  a steering  error  greater  than 
The  first  case  occurs  when  the  target's  steering  error  Is  greater 
than  second  case  occurs  when  the  range  Is  between 

Rjjaxy  with  the  opponent  having  a steering  error  less  than 

For  the  first  case.  If  the  range  Is  greater  than  6000  feet,  the 
maxlmm  energy  maneuver  Is  selected.  If  the  range  decreases  below  6000 
feet,  the  target  selects  randomly  between  a hard  turn,  nuxxlmum  rotation 
of  the  opponent's  llne>of 'Sight  vector,  or  a maximum  rotation  of  the 
opponent's  proportional  pursuit  vector.  These  maneuvers  all  correspond 
to  a hard  turn  Into  the  opponent.  If  range  decreases  below  3000  feet, 
the  target  will  select  randomly  between  a turn  at  maximum  rate,  maximum 

^ rotation  of  the  opponent's  lead  pursuit  vector,  a split  s,  a vertical 

r 

I rolling  scissors,  a maximum  rotation  of  the  opponent's  proportional 

pursuit  vector,  or  a scissors. 

For  the  second  case  of  the  defensive  role,  the  target  will  select 
from  a maximum  rate  turn,  a hard  turn  into  the  opponent,  a maximum 
rotation  of  the  opponent's  llno'Of-slght  vector,  or  a maximum  energy 
maneuver  to  disengage.  Fig.  10  shows  the  situation  space  for  the 
defensive  role. 
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Evasive  Role 

The  evasive  role  occurs  only  when  the  opponent's  steering  error  Is 
less  than  and  the  target  is  less  than  the  range,  from  the 

opponent. 

Within  the  evasive  role,  the  opponent  Is  inside  the  maximum  track- 
ing range  for  his  weapon.  If,  however,  the  range  Is  greater  than  3000 
feet  and  Is  Increasing,  the  target  should  capitalize  on  this  energy 
advantage  to  increase  the  separation  distance.  This  Is  accomplished  by 
performing  a maximum  energy  maneuver. 

If  the  target  does  not  possess  an  energy  advantage,  the  target  has 
several  maneuvers  which  are  appropriate.  These  are  a hard  turn  into 
the  opponent,  a vertical  dive  followed  by  a hard  pull-up,  or  a maximum 
rate  turn.  Each  of  these  maneuvers  is  appropriate,  and  one  is  selected 
at  random,  with  a better  chance  of  selecting  a hard  turn  into  the 
opponent. 

As  the  opponent  comes  inside  3000  feet  range,  the  split  S is  added 
to  those  above  in  the  target's  list  of  choices.  When  the  opponent  comes 
inside  2000  feet,  he  is  in  gun  firing  position  and  the  target  must 
immediately  Increase  the  opponent's  angle  off.  Two  maneuvers  are  added. 
They  are  an  immediate  pull-up  at  maximum  angle  of  attack  and  a hard  turn 
followed  by  a turn  reversal.  The  target  will  no  longer  consider  the 
maximum  rate  turn  or  the  vertical  dive  followed  by  a hard  pull  up.  In 
both  of  these  maneuvers,  the  target  must  decrease  his  angle  of  attack, 
and  docs  nothing  to  immediately  Increase  the  opponent's  angle  off. 

With  the  range  less  than  2000  feet,  and  an  excessive  rate  of 
closure,  the  target  should  perform  cither  a high  g roll  over  or  a 


high  g roll  underneath.  The  decision  is  based  upon  his  own  airspeed. 
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If  his  airspeed  Is  below  350  KCAS,  where  KCAS  Is  knots  calibrated  air* 
speed,  he  will  never  be  able  to  roll  over  the  top,  and  would  perform 
the  roll  underneath.  See  Fig.  11  for  the  evasive  role  situation  space. 

Associated  with  each  situation  cell  are  one  or  more  appropriate 
maneuvers.  Vfhen  the  target  occupies  a defensive  or  evasive  cell,  the 
choice  of  maneuvers  is  made  on  a random  basis  In  such  a manner  that  a 
particular  maneuver  Is  selected  a predetermined  fraction  of  the  time. 
Certain  offensive  cells  also  have  more  than  one  maneuver.  However, 
these  maneuvers  are  chosen  on  a deterministic  basis.  Table  I contains 
a list  of  the  maneuvers  associated  with  each  situation  cell. 


The  final  output  of  FUNCTION  ISTATE  consists  of  the  situation  cell 


number  and  the  selected  maneuver  for  that  situation  cell.  These  two 
parameters  are  then  utilized  by  SUBROUTINE  DESIRE  to  generate  the 
actual  controls  needed  to  simulate  the  maneuver.  See  Appendix  A for 
a detailed  listing  of  FUNCTION  ISTATE. 
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Air 

Table  I 

Combat  Maneuvers  Selected  for  Lach 

Situation  Coll 

Situation 

Kandoro  Selection  Kate/ 

Cell 

Maneuver  Selected 

Selection  Criteria 

201 

1.  Hard  pull  up 

30X 

2.  Split  s 

20X 

3.  Hard  turn 

305t 

4.  Hard  turn  followed  by  a reversal 

20X 

202 

1,  High  g roll  over 

equivalent  airspeed 
> 507  feet/sec 

2.  High  g roll  underneath 

equivalent  airspeed 
< 507  feet/sec 

211 

1.  Hard  turn 

60X 

2.  Maximum  rate  turn 

3.  Vertical  dive  followed  by  hard 

20X 

pull  up 

20X 

212 

1.  Split  s 

20* 

2.  Hard  turn 

40* 

3.  Maximum  rate  turn 

U.  Vertical  dive  followed  by  hard 

20* 

pull  up 

20* 

221 

1.  Hard  turn 

60* 

2.  Maximum  rate  turn 

3.  Vertical  dive  followed  by  hard 

20* 

pull  up 

20* 

222 

Maximum  energy  maneuver 

301 

1.  Maximum  rate  turn 

40* 

2.  Hard  turn 

40* 

3.  Maximum  energy  maneuver 

20* 

311 

1.  Hard  turn 

60* 

2.  Split  s 

20* 

3.  Scissors 

10* 

4.  Vertical  rolling  scissors 

10* 

312 

Hard  turn 

313 

Maximum  energy  maneuver 

AOl 

1.  High  speed  yo-yo 

P < -127 

2.  Pure  pursuit 

R < -84 

3.  Lead  pursuit 

R > -84 
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Table  1 (continued) 

Air  Combat  Maneuvers  Selected  for  Cach  Situation  Coll 


Situation 

Cell 

Maneuver  Selected 

402 

1.  Low  speed  yo-yo 

2.  Lead  pursuit 

3.  Pure  pursuit 

4.  Lag  pursuit 

403 

Low  speed  yo-yo 

411 

1.  Lag  pursuit 

2.  Low  speed  yo-yo 

412 

Darrel  roll 

421 

Hard  turn 

422 

Pure  pursuit 

423 

Barrel  roll 

431 

Barrel  roll 

441 

Pure  pursuit 

451 

Low  speed  yo-yo 

461 

Barrel  roll 

501 

High  speed  yo-yo 

502 

Lead  pursuit  (gun  attack) 

503 

Pure  pursuit  (missile  attack) 

504 

Pure  pursuit 

511 

High  speed  yo-yo 

512 

Lead  pursuit  (gun  attack) 

513 

Lead  pursuit 

514 

Lead  pursuit 

521 

High  speed  yo-yo 

522 

Load  pursuit  (gun  attack) 

523 

Lead  pursuit 

Random  Selection  Kate/ 
Selection  Criteria 


-R  < .028R  ♦ 42 
-R  < .028K  ♦ 84 
-R  < .028R  ♦ 127 
-ft  > .028R  ♦ 127 


R > -.028R 
R < -.028R 


f 
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Table  I (continued) 

Air  Combat  Maneuvers  Selected  for  Each  Situation  Cell 


Situation 

Cell 

Maneuver  Selected 

Kandotn  Selection  Kate/ 
Selection  Criteria 

324 

Lead  pursuit 

331 

Head  on  gun  attack 

332 

Pure  pursuit 

333 

Barrel  roll 

J 
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IV.  Air  Combat  Manonvors 


Tlio  control  inputs  used  to  simulnto  each  Air  Combat  Maneuver  are 
contained  in  SUBROUTINE  DESIRE.  Hie  main  program  calls  DESIRE  on  each 
time  through  the  loop.  As  a result,  the  desired  control  inputs  are 
continuously  updated. 

The  controls  utilized  in  this  simulation  are:  angle  of  attack, 

3q,  sideslip  angle,  3^,  bank  angle,  and  Thrust^,  thrust.  These  corres- 
pond to  the  pilot's  control  over  elevator,  rudder,  ailerons,  ^lnd 
throttle,  but  eliminate  the  need  of  simulating  a complicated  control 
system. 

In  spite  of  the  development  of  high  performance  fighter  aircraft, 
pilots  today  learn  the  same  basic  air  combat  maneuvers  that  have  been 
flown  since  World  War  I.  The  only  changes  have  been  in  the  size  of  the 
arena  and  in  the  formation  tactics  utilized.  Since  the  success  of  Smart 
Target  depends  a great  deal  upon  the  maneuvers  being  realistic,  it  is 
appropriate  to  discuss  the  purpose  of  each  maneuver  and  its  desired  out- 
come in  air  battle. 

Evas ivo  Maneuvers 

Max imum  Energy  Maneuver.  The  maximum  energy  maneuver  may  be  per- 
formed in  any  phase  of  air  combat,  but  is  normally  considered  as  an 
evasive  or  defensive  maneuver.  As  its  name  implies,  this  maneuver  is 
designed  to  increase  the  aircraft's  velocity  and  thus  increase  its  energy 
level.  The  purpose  of  this  maneuver  is  to  increase  the  separation  dis- 
tance between  aircraft  or  to  exit  from  the  combat  arena.  By  simply  un- 
loading the  aircraft  at  0 - ,5  g's,  in  a wings  level  attitude,  with 
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maximuin  thrust,  the  pilot  Is  able  to  Increase  hts  energy  level  and 
accelerate  to  a higher  mach  number  than  his  opponent. 

Hard  Turn.  The  purpose  of  the  hard  turn  Is  to  prevent  the  opponent 
from  achieving  a firing  position.  The  object  of  this  maneuver  Is  to 
rotate  the  target's  angular  velocity  cone  away  from  the  opponent.  The 
main  concern  when  performing  this  hard  turn  Is  to  acquire  a smaller 
turn  radius  than  the  opponent.  This  will  force  him  outside  the  target's 

I turn  and  prevent  the  opponent  from  achieving  a tracking  solution.  The 

! hard  turn  in  this  simulation  is  performed  in  the  horizontal  plane. 

> 

Vertical  Dive  Followed  by  a Hard  Pull  Up.  This  maneuver  accom- 
plishes the  same  objectives  as  the  hard  turn,  except  that  it  is  flown 
in  the  vertical  rather  than  the  horizontal  plane.  The  target  rolls  to 
an  Inverted  attitude  and  pulls  the  aircraft  into  a dive.  As  the  dive 
nears  the  vertical  position  the  target  will  roll  wings  level  and  pull  up 
with  maximum  angle  of  attack.  If  the  opponent  has  followed  the  target 
into  the  dive,  the  hard  pull  up  is  designed  to  force  the  opponent  to 
overshoot  the  bottom  of  the  target's  flight  path  and  thus  break  any 
tracking  solution  which  the  opponent  possessed.  See  Fig.  12  for  a 
depiction  of  the  vertical  dive  followed  by  a hard  pull  up. 

Hard  Pull  Up.  The  hard  pull  up  serves  the  same  purpose  as  the 
vertical  dive  followed  by  a hard  pull  up,  but  is  done  at  closer  range 
when  there  is  insufficient  time  to  accomplish  the  dive.  It  also 
attempts  to  force  the  opponent  to  overshoot  the  target's  flight  path 
and  preclude  a tracking  solution. 

Max imum  Kate  Turn.  This  maneuver  is  comparable  to  the  hard  turn, 
but  is  accomplished  at  greater  range.  The  maximum  roll  rate  allows  the 
pilot  to  very  quickly  obtain  his  desired  bonk  angle.  As  the  turn  Is 
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sCartodt  a slight  dive  Is  employed  to  genernto  angular  velocity  and 
also  to  retain  future  maneuvering  potential.  Because  the  opponent  Is 
at  a greater  range,  his  rate  of  turn  will  appear  to  be  less  than  tha 
target's,  and  his  angle  off  and  rate  of  closure  will  Increase.  Again, 
the  desired  result  Is  to  cause  the  attacking  aircraft  to  overshoot  the 
target's  flight  path. 

Hard  Turn  Fol lowed  by  a Turn  Reversal.  Ihe  hard  turn  with 
reversal,  like  the  other  evasive  maneuvers.  Is  designed  to  defeat  an 
opponent's  tracking  solution.  In  this  maneuver,  the  target  will 
randomly  fly  a hard  turn,  followed  by  a turn  In  the  opposite  direction. 
The  hard  turns  make  It  extremely  difficult  for  the  opponent  to  achieve 
consistent  tracking  due  to  the  unpredictability  of  the  maneuver. 

Split  £.  The  Split  S Is  Initiated  Identically  to  the  vertical  dive 
followed  by  a hard  pull  up.  The  maneuver  continues  to  be  the  same  until 
the  vertical  position  Is  achieved.  Instead  of  rolling  at  this  point, 
the  target  will  continue  to  Increase  back  pressure,  flying  the  aircraft 
through  the  vertical  and  using  the  pull  out  from  the  dive  to  cause  the 
opponent  to  overshoot.  Figure  13  shows  the  flight  path  of  a Split  S. 

High  G Rolls.  The  high  g rolls  are  very  effective  evasive 
maneuvers  at  close  range  because  they  are  difficult  to  counter  effec- 
tively. These  rolls  appear  to  be  simple  aileron  rolls,  but  In  reality 
are  high  pertormonce  vector  rolls  performed  at  high  angles  of  attack, 
which  allow  the  defender  to  utilise  gravity  and  Induced  drag  to  reduce 
his  airspeed  and  change  direction  more  rapidly  than  his  opponent.  The 
objective  of  these  maneuvers  Is  to  remove  the  attacker  from  his  firing 
position.  Figs.  14  and  15  depict  the  high  g roll  over  and  the  high  g 
roll  under,  respectively. 
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Dofonstvo  Manotivors 


Many  of  the  dofcnslvo  maneuvers  are  the  same  as  those  employed  In 
the  evasive  role.  Those  are  the  m<ixlnuna  energy  maneuver,  hard  turn, 
split  S and  maximum  rate  turn.  In  addition  to  these  maneuvers,  the 
scissors,  and  vortical  rolling  scissors  are  employed  as  defensive 
maneuvers. 

Scissors.  The  scissors  Is  a defensive  maneuver  In  which  a series 
of  turn  reversals  Is  executed  In  an  attempt  to  achieve  an  offensive 
position  after  an  overshoot  by  the  attacker.  In  this  maneuver,  the 
target  has  the  advantage.  By  virtue  of  forcing  the  attacker  to  over- 
shoot, the  target  has  a lower  velocity  and  can  easily  force  the  attacker 
to  the  target's  twelve  o'clock  position.  See  Pig.  16  for  a depiction 
of  the  scissors  maneuver.  In  Fig.  16,  and  the  remaining  figures  In 
this  chapter,  the  relative  positions  of  the  two  aircraft.  In  time,  are 
denoted  by  Identical  alphabetic  letters. 

Vertical  Rolling  Scissors.  This  Is  a defensive  rolling  maneuver 
In  the  vertical  plane.  The  purpose  of  this  maneuver  Is  to  gain  an 
offensive  advantage  If  the  attacker  overshoots  the  target's  flight  path, 
and  slides  through  his  angular  velocity  cone  while  In  the  vertical 
plane.  Sec  Fig.  17. 

Offensive  Role 

Pursuit  Curve.  A pursuit  curve  Is  an  offensive  maneuver  along  the 
projected  flight  path  from  the  target's  nose  to  the  opponent's  tall. 

As  the  offender.  It  Is  desirable  to  position  the  aircraft  In  a good 
firing  position  for  weapons  utilisation.  Depending  on  relative  position 
and  which  weapon  Is  desired,  lag  pursuit,  pure  pursuit,  or  load  pursuit 
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is  choson.  For  puro  pursuit,  tho  tor^et  is  pointed  directly  at  th« 
opponent.  For  lag  pursuit,  tho  target  points  his  nose  behind  tha 
opponent.  In  this  simulation  the  lag  angle  is  20*^.  Likewise,  for  lead 
pursuit,  the  target  points  his  nose  20°  in  front  of  the  opponent.  See 
Fig.  18  for  tho  pure  pursuit  curve. 

High  Speed  Yo-Yo.  Tlie  high  speed  yo-yo  is  an  offensive  maneuver 
in  which  the  target  maneuvers  through  both  the  vertical  and  horlsontal 
planes  to  prevent  an  overshoot  in  tho  plane  of  the  opponent's  turn.  The 
purpose  is  to  maintain  an  offensive  advantage  by  keeping  nose-tall 
separation  between  the  attacker  and  defender.  The  high  speed  yo-yo  is 
an  effective  counter  to  the  defensive  turn,  the  scissors,  and  high  'g* 
rolls.  The  high  speed  yo^yo  countering  the  defensive  turn  Is  shown  In 
Fig.  19. 

Barrel  Roll  Attack.  The  barrel  roll  attack  is  a three  dimensional 
maneuver  designed  to  decrease  angle  off  and  maintain  nose-tail  separa- 
tion. It  accomplishes  the  same  result  as  the  high  speed  yo-yo,  but  is 
normally  flown  at  high  angle  off  and  long  range.  The  attacker  pulls  up 
to  Che  inside  of  his  opponent,  then  barrel  rolls  in  a direction  opposite 
his  opponent's  turn.  The  attacker  changes  his  rate  of  roll  to  remain 
inside  his  opponent's  turn  while  reducing  angle  off  and  diving  below  his 
opponent's  flight  path.  The  barrel  roll  attack  is  shown  in  Fig.  20. 

Low  Speed  Yo-Yo.  Tills  maneuver  may  be  employed  in  a running  battle 
or  in  a turning  fight  whenever  the  attacker  has  an  insufficient  rate  of 
closure.  The  purpose  of  a low  speed  yo-yo  is  to  provide  cut-off  and 
rate  of  closure.  To  perform  this  maneuver  in  a turning  fight,  the 
attacker  maintains  his  bank  and  lowers  his  nose  to  the  inside  of  Che 
turn,  thus  increasing  airspeed  and  reducing  angle  off.  As  the  attacker 
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decreases  range,  with  an  airspeed  advantage,  he  pulls  up  and  zooas 
toward  the  opponent's  six  o'clock  position.  See  Fig,  21. 

Attack  Maneuvers 

Mlssl le  Attack.  In  performing  the  missile  attack,  the  attacker 

simply  attempts  to  remain  on  a pure  pursuit  course.  If  the  attacker 

Is  able  to  keep  his  angle  off  less  than  10°  for  three  seconds  with  his 

relative  range  within  the  missile  firing  envelope,  he  Is  considered  to 

have  tracked  his  opponent  for  sufficient  time  to  achieve  a missile  kill. 

Gun  Attack.  The  gun  attack  is  accomplished  by  maintaining  a lead 
o 

pursuit  angle  of  20  . If  the  attacker  maintains  this  lead  angle,  and 

Is  within  5°  azimuth  error  and  20°  elevation  error,  and  Is  within  gun 

tracking  range,  he  has  tracked  the  opponent  for  sufficient  time  to 

achieve  a gun  kill.  Because  air-to-air  gunnery  Is  based  on  attitude 

control  rather  than  the  velocity  vector,  these  limits  may  be  overly 

restrictive  In  achieving  an  actual  kill. 

Head-On  Gun  Attack.  Although  the  head-on  gun  attack  Is  not  the 

most  effective  method  of  achieving  a kill,  it  Is  a valuable  psychological 

maneuver  which  may  cause  the  opponent  to  commit  a crucial  error  or  force 

him  to  disengage  from  the  combat  arena.  This  head-on  attack  Is  accom- 

o 

pllshed  by  utilizing  a 10  lead  angle.  Although  the  head-on  attack  may 
not  achieve  a kill.  It  will  not  adversely  affect  the  target's  future 
maneuvering  potential. 

It  Is  difficult  to  visualize  many  of  the  maneuvers  utilized  In  this 
simulation,  especially  If  the  reader  has  never  been  exposed  to  them  or 
seen  them  flown.  A more  detailed  description  of  each  maneuver  may  be 
found  In  Ref  9 or  10.  It  should  be  emphasized  that  skill  In  air  combat 


Is  mor*  of  an  art  than  a science,  and  many  decisions  reached  by  pilots 
may  be  more  accurately  described  as  reflex  reactions  rather  than  clas» 
slcal  decisions.  Consequently,  there  may  be  those  that  disagree  with 
some  of  the  maneuvers  selected  In  this  simulation.  However,  It  has  been 
necessary  In  this  project  to  define  exact  boundaries  where  the  selection 
of  maneuvers  may  change.  As  most  fighter  pilots  agree,  this  Is  not  the 
case  in  alr-to-air  combat,  where  even  the  same  pilot  may  view  Identical 
conditions  differently  from  day  to  day.  It  is  Important  that  the  reader 
be  aware  that  In  reality,  the  maneuvers  and  the  situations  In  which  they 
are  selected  may  differ  from  the  situations  being  simulated  In  this  study. 

The  desired  control  Inputs  which  simulate  the  air  combat  maneuvers 
In  this  thesis  are  found  In  Appendix  A,  SUBROUTINE  DESIRE. 


32 


V.  Pilot  Model 

It  Is  the  purpose  of  the  Smart  Target  Simulation  to  provide  a 
target  model  which  will  duplicate  as  closely  as  possible  the  maneuvers 
flown  by  air  combat  pilots.  It  would  be  difficult  to  motivate  a simu> 
lator  pilot  if  he  knew  that  he  would  always  lose  to  a target  whose 
performance  is  optimal  or  always  win  over  a target  whose  capabilities 
are  exceeded. 

A target  is  desired  that  is  less  than  perfect  in  its  decision 
making  and  execution,  and  yet  is  realistic  and  skillful  enough  to  make 
the  pilot  work  for  his  victories.  Because  each  target  pilot  i ..ffer* 
ent,  this  target  should  have  the  capability  to  vary  its  skill,  so  that 
its  decisions  and  maneuvers  do  not  become  predictable. 

SUBROUTINE  SKILL  was  developed  as  a very  simple  pilot  model  which 
allows  various  pilot  decision  boundaries  to  be  altered.  There  are  eight 
decision  parameters  which  are  functions  of  the  pilot  skill  factor, 
is  the  maximum  angle  off  for  rear  attack. 

is  the  maximum  angle  of  attack  utilized  by  the  target  pilot, 
is  the  maximum  steering  error  for  frontal  attack. 

Bqj  Is  the  maximum  steering  error  for  frontal  offense. 

is  the  steering  angle  error  limit  to  determine  if  the  opponent's 
steering  error  is  small. 

^Og  is  the  steering  error  advantage  allowed  the  opponent. 

Rmax^  the  estimated  maximum  range  at  which  the  opponent  may 
begin  tracking  and  expect  a reasonable  probability  of  kill. 

estimated  maximum  effective  range  that  the  opponent 
nay  fire  his  weapon  and  possibly  achieve  a kill. 

S3 
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The  nominal  values  of  these  decision  parameters  are  listed  in 
Table  II  under  Pilot  Skill  Factor  0.  These  nominal  values  represent 
the  decision  parameters  which  the  ideal  target  pilot  would  use. 

The  Reel  Pi lot 

SUBROUTINE  SKILL  considers  a continuum  of  pilot  skill  levels.  On 
one  end  of  the  spectrum  is  the  pilot  who  has  reached  an  experience 
plateau  where  he  fails  to  recognize  his  own  weaknesses.  He  is  an  over** 
confident*  over-aggressive  pilot  who  tends  to  fly  his  aircraft  at  its 
absolute  limit*  but  lacks  the  skill  to  do  so  all  of  the  time.  Ha 
occasionally  exceeds  the  aerodynamic  and  structural  limits  of  his  air- 
plane* resulting  in  less  than  maximum  performance  and  less  than  ideal 
decision  making. 

At  the  other  end  of  the  spectrum  is  the  pilot  who  lacks  experience 
and  confidence.  He  assumes  his  skills  are  inadequate  for  the  situation 
at  hand  and  Is  overly  conservative  in  his  decision  making.  He  Is  too 
timid  to  fly  the  aircraft  near  its  limits  and  so  fails  to  achieve  maxi- 
mum performance  when  he  needs  it. 

These  are  the  two  extremes  in  pilot  skill  level  that  are  found  in 
most  tactical  fighter  units.  Individuals  who  exhibit  these  extremes 
are  rare*  but  so  are  the  ideal  pilots.  Most  pilots  would  perform  at  an 
Intermediate  level  of  pilot  skill.  They  would  fall  slightly  left  or 
right  of  the  Ideal  pilot  on  a distribution  curve.  See  Figure  22.  This 
distribution  is  based  upon  the  experience  of  veteran  alr-to-air  pilots 
who  have  observed  the  many  levels  of  skill  which  tactical  pilots  possess. 
The  pilot  skill  factor  of  -1  is  assigned  to  the  under-experienced  pilot* 

0 to  the  ideal  pilot*  and  el  to  the  over-confident  pilot.  The  possibility 
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Fig.  22.  Ulstribution  of  Pilot  Skill  Lovels  (R«f  6l37) 

'i 

of  varying  tho  skill  factor  provides  the  facility  to  change  the  Smart 
Target  level  of  capability. 

Table  II  summarizes  the  OKtreme  values  of  each  of  the  decision 
parameters,  as  well  as  the  nominal  values  selected  for  the  ideal  pilot. 
These  values  are  provided  to  tho  program  from  SUBROUTINE  SKILL  when  the 
Pilot  Skill  Factor  is  specified.  See  \ppendlx  A for  a detailed  listing 
of  SUBROUTINE  SKILL. 


Tnblo  II 

Role  Decision  Parnmotors  Based  upon  Pilot  Skill  Factor 
as  Dctcrnilncd  bv  SUBROUTINE  SKILL 


Parameter 

Pilot  Skill  Factor 

-1 

0 

♦ 1 

60° 

90° 

120° 

ft  * 

"^max 

15° 

30° 

40° 

0® 

30° 

60° 

30° 

60° 

90° 

30° 

20° 

10° 

^ax^ 

8,000  feet 

6,000  feet 

4,000  feet 

^axy 

30,000  feet 

20,000  feet 

10,000  feet 

0° 

10° 

20° 

*The  values  of  0. 

max  '^raax 

of  the  airplane  of 

30°. 
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VI . Control  Filter 


In  order  that  the  Smart  Target  simulation  be  realistic.  It  Is 
necessary  to  provide  finite  control  rates  to  the  target.  This  is 
accomplished  through  SUBROUTINE  CONTRL.  The  control  variables  for  the 
aircraft  model  are  angle  of  attack,  a,  side  slip  angle,  0,  bank  angle, 

0,  and  thrust. 

The  Inputs  to  this  routine  are  the  desired  and  actual  values  of 

the  control  variables  along  with  the  Integration  Interval,  At.  This 

• • • 

routine  computes  the  new  angular  control  rates  a,  0,  0,  and  thrust  rate. 
The  actual  values  of  the  control  variables  arc  then  calculated  during 
the  execution  of  CONTRL  by  a simple  Integration  process. 

Since  Che  maximum  rotational  rate  of  Che  bank  angle,  0,  is  such  a 
strong  function  of  a,  0^,^  Is  computed. 

The  function  0Q,ax  ^ parabola  fit  through  the  following  points: 

d ^ax 

0®  180®/sec 

10®  90®/sec 

30®  24®/sec 

Since  the  angles  In  the  program  are  handled  In  radians, 

^max  - - 10.9  a ♦ 10.8862  (21) 

where  0nuix  ^ expressed  in  radians/second  and  radians, 
respectively. 
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Once  Is  ccwiputcd,  the  computation  of  the  control  variables 

Is  completed  utilizing  the  scheme  as  shown  In  Fig,  23.  The  control 
is  used  as  an  example. 


Fig,  23.  Control  Rate  Model  (Ref  4:94) 


The  relationship  between  the  desired  control  error  and  the  actual 
control  rate  is  divided  into  three  regions:  linear*  parabolic*  and 
constant.  The  constant  region  represents  the  aircraft  limit  on  the 
control  error.  The  control  error  is  given  by 

^ - ttjj  - Ojj  (22) 

idiere*  /Ja  is  the  control  error*  ttjj  is  the  desired  angle  of  attack* 
and  is  the  actual  angle  of  attack. 
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Next,  the  proposed  parabolic  control  rate  a Is  computed  based  on 


the  maximum  value  of  a.  This  maximum  value  Is  a function  of  the  target 
aircraft  being  simulated. 

i - ^ (23) 

The  proposed  a Is  examined  to  see  If  It  falls  outside  the  parabolic 
region.  If 


then 


d < 


or,  if. 


than 


- Omax 


(24) 

(25) 

(26) 

(27) 


The  new  value  of  the  control  variable  Is  now  computed 


ttv  - tty  ♦ SIGN(d  At,  Aa)  (28) 

^ew  •\>ld 

where  the  function  SIC^  assigns  to  the  absolute  value  of  the  first 
parameter,  the  sign  of  the  second  parameter. 

A similar  set  of  equations  Is  used  for  each  of  the  other  controls. 
See  Appendix  A,  SUBROUTINE  CONTRL,  for  a detailed  listing. 
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Vll.  Aircraft  Model 
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Aircraft  Equations  of  Motion 

The  differential  equations  of  motion  utilized  In  this  simulation 
are  for  a rigid  vehicle  written  In  a combination  of  the  wind  and  body 
axes  (Ref  8:149-150).  The  assumptions  of  a flat  earth,  constant  mass, 
and  constant  gravity  are  Incorporated.  The  equations  are: 


0 - mg  sin  > m V 

(29) 

%■ 

Y * mg  sin  cos  ■ m V r^ 

(30) 

L ♦ mg  cos  cos  0y  ■ -mV  q^ 

(31) 

e 

P - 

[l  ♦ Ix.  (r  ♦ pq)  ♦ (lyy  - Ij^)  qr] 

(32) 

e 

q - 

[m  ♦ I (r^  - p^)  e (Ijj  - Ijtx)  n>] 

*yy 

(33) 

• 

r ■ 

ji-  [n  ♦ IxB  (p  - qr)  ♦ (I^  - lyy)  pq] 

B8 

(34) 

®W  " 

gy  cos  0y  - ry  sin  0y 

(35) 

’I'w  - 

(qy  sin  (>y  ♦ ry  cos  Py)  sec  6y 

(36) 

K - 

Py  e qy  sin  0y  tan  9y  ♦ ry  cos  Py  tan  6y 

(37) 

*E  - 

V cos  6y  cos  tjfy 

(38) 

h - 

V cos  dy  sin  ll/y 

(39) 

• 

*E  - 

-V  sin  9y 

(60) 

Equations  (29),  (30),  and  (31)  are  the  force  equations  written  In  the 
wind  axes,  where 
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the  X component  of  the  thrust  vector 


Ty^  - the  y component  of  the  thrust  vector. 
Tjy  the  z component  of  the  thrust  vector. 
0 • the  drag  force  on  the  aircraft. 


> the  side  force  on  the  aircraft. 


L " the  lift  force  on  the  aircraft. 


Equations  (32),  (33),  and  (34)  are  the  moment  equations  written  In  ths 
body  axes,  where 

p - rotational  rate  about  the  x body  axis, 

q « rotational  rate  about  the  y body  axis, 

r " rotational  rate  about  the  z body  axis. 

Ixx  **  principle  moment  of  Inertia  about  the  x axis, 

lyy  > principle  moment  of  Inertia  about  the  y axis. 

^zz  **  principle  moment  of  Inertia  about  the  z axis. 

^xz  * product  of  Inertia  about  the  x»z  plane. 

L rolling  moment 

M > pitching  moment 

N " yawing  moment. 

Although  L Is  used  both  for  lift  force  and  rolling  moment,  the  context 
makes  it  clear  which  is  meant. 

Equations  (3S),  (36),  and  (37)  are  the  Euler  angle  rates  for  the 
wind  axes.  Equations  (38),  (39),  and  (40)  are  the  x,  y,  and  s velocl- 
ties  which  are  Integrated  to  obtain  the  position  of  the  aircraft. 

The  control  variables  a,  3.  <uid  are  specified  by  the  appropriate 
maneuver  being  simulated,  and  will  not  be  described  by  the  differential 
equations.  In  addition,  since  a and  3 are  controlled,  the  relationship 
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between  the  wind  and  body  axes  may  be  determined.  By  taking  the  com' 


ponents  of  the  angular  velocity  of  Fg  relative  to  Fy  it  follows 


Pw 

P 

• 

0 

‘•w 

q . a 

r 

♦ 

0 

• 

3 

where,  Lyg  is  the  transformation  matrix 


c a c 3 

s 3 

a a c 3 

c a s 3 

c 3 

•s  a s 3 

. s a 

0 

c a 

The  resulting  scalar  equations  aret 

Py  - p cos  a cos  3 ♦ (q  - a)  sin  3 ♦ r sin  a cos  3 

qy  • -p  cos  a sin  3 ♦ (<l  - ci)  cos  3 - r sin  a sin  3 

ry  « •p  sin  a e r cos  a ♦ 3 

Solving  Eq  (44)  for  d and  Eq  (45)  for  3 gives i 

d ■ <1  ~ qy  see  3 ' P cos  a tan  3 **  r sin  a tan  3 

3 • ryepslna-r  cos  a 

The  quantities  ry  and  qy  are  determined  from  Eqs  (30)  and  (31), 
tlvely. 

V 

ry  - — 1 — (Ty  - C ♦ mg  sin  3y  cos  9y) 
idV 

qy  - (Tg^  - L ♦ mg  cos  3y  cos  0y) 


thatt 

(41) 


(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

respec* 

(48) 

(49) 
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and  3 are  known,  Che  values 


Now  Chat  the  values  of  py,  Ty,  a,  3,  a, 
ot  P*  and  r are  determined. 


p 

Pw 

0 

q-d 

■ ^BW 

‘‘W 

“ ^BW 

0 

r 

• 

0 

where,  L^y  Is  the  transformation  matrix 


Hw 


cac3  •cas3  -sa 

s 3 c 3 0 

sac3  -sa83  ca 


(50) 


(51) 


The  scalar  quantities  p,  q,  and  r follow! 


p " 

Py  cos  a cos  3 ~ qy  cos  a sin  3 ~ 

(ry  - ^)  sin  a 

(52) 

q - 

d e py  sin  3 ♦ qy  ^ 

• 

(53) 

r • 

Py  sin  a cos  3 **  qy  sin  a sin  3 e 

e 

(ry  - 3)  cos  a 

(54) 

Since  Che  controls  provided  to  the  target  are  for  a trimmed  condition, 
it  is  assumed  chat  actual  control  deflections  of  elevator,  aileron,  and 
rudder  are  provided  such  that  Che  moment  equations  yield  the  same  values 
of  p,  q,  and  r as  Eqs  (52),  (53),  and  (54).  For  this  reason,  Che  moment 
equations  are  not  utilized  in  this  program. 

In  summary,  the  actual  equations  of  motion  for  the  Smart  Target  are 
the  follovingi 
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N 


g sin  Oy 


(55) 
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9u 

m 

qy  cos  0y  * ry  sin  0y 

(56) 

iu 

- 

(qy  sin  ^)y  ♦ ry  cos  0y)  sec  0y 

(57) 

• 

X 

m 

V cos  0y  cos  4fy 

(58) 

• 

y 

m 

V cos  9y  sin  ijfy 

(59) 

• 

t 

m 

*V  sin  0y 

(60) 

where  ry  is  given  by  Eq  (48),  q^  Is  given  by  Eq  (49),  and  p,  q,  and  r 
are  determined  from  Eqs  (32),  (S3),  and  (34),  respectively. 

Eqs  (33)  through  (60)  are  integrated  in  SUBROUTINE  RKDES  each  time 
through  the  progreun  to  update  the  flight  path  of  the  target.  Refer  to 
Appendix  A for  a listing  of  this  subroutine. 

F»4  Target  Model 

The  F>4  model  used  in  Smart  Target  was  developed  by  the  National 
Aeronautics  and  Space  Administration  (NASA)  for  their  simulation  studies. 
The  aircraft  used  throughout  this  study  was  progr<immed  to  be  represents* 
tlve  of  the  F*4E  because  of  the  author's  flying  experience  and  knowledge 
of  this  aircraft.  This  evaluation  does  not  cover  the  entire  operational 
envelope  of  the  F*4  aircraft,  but  concentrates  on  the  region  usually 
encountered  in  air*to*air  combat,  namely,  mach  nunbers  below  1.2  and 
altitudes  below  33,000  feet. 

Thrust  parameters  for  the  model  are  stored  in  tabular  form  as 
functions  of  Mach  Number.  From  these  thrust  parameters,  the  thrust 
available  is  computed  as  a function  of  altitude.  The  target  aero* 
dynamics  are  specified  by  various  stability  derivatives  which  arc  stored 
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as  functions  of  Mach  Number  and  angle  of  attack.  Since  the  target  Is 


i 

I 


I 


assumed  to  be  a trimmed  model,  the  stability  derivatives  with  respect 
to  control  deflections  are  assumed  to  be  zero.  The  stability  derlva* 
tlves,  thrust  parameters,  and  equations  for  the  aerodynamic  coefficients 
used  In  this  program  appear  In  Appendix  B. 

Opponent  Model 

In  actual  Implementation  of  the  Smart  Target  Program,  the  LAMARS 
simulator  will  provide  the  opponent's  Inputs.  However,  In  this  study 
there  was  no  requirement  for  the  opponent  to  be  responsive  and  a simple 
model  for  the  opponent  was  needed  to  test  the  target  simulation. 

The  state  of  the  opponent  Is  given  In  the  form  of  nine  equations 
with  each  of  the  state  variables  as  functions  of  time.  The  nine  com- 
ponents of  the  opponent's  state  are: 

^OPF*  ^OPP*  ^OPP  components  of  the  opponent's  position 

^UPP*  ^OPP*  ''OPP  components  of  the  opponent's  velocity 

vector 

HfpE*  ^FC*  ^FE  opponent's  Euler  angles. 

The  state  equations  must  be  changed  for  each  maneuver  flown  by  the 
opponent. 

In  order  to  evaluate  the  maneuvers  flown  by  the  Smart  Target,  two 
flight  paths  were  programmed  for  the  opponent.  In  the  first  case,  the 
opponent  was  programmed  to  remain  In  a straight  and  level  condition, 
as  would  be  the  case  If  he  did  not  see  the  target.  The  opponent's 
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state  equations  aret 


Xqpp 

m 

Xqpp  ♦ 

'‘opp 

(61) 

yopp 

m 

Vopp  * 

'^OPP 

(62) 

*OPP 

m 

*OPP  ♦ 

''opp 

(63) 

Uqpp 

■i 

800 

(64) 

Vqpp 

m 

0 

(65) 

Wqpp 

m 

0 

(66) 

^FE 

m 

0 

(67) 

m 

0 

(68) 

®FE 

m 

0 

(69) 

The  second  maneuver  simulated  for  the  opponent  Is  a hard  turn. 

This  maneuver  was  used  as  a defensive  maneuver  to  evaluate  the  target  as 
an  attacker.  The  opponent's  state  equations  for  XQpp,  Voppt  ^OPF 
remain  the  same.  The  other  state  equations  aret 


“OPP 

" 

'^TOPP  '^FS 

(70) 

Vqpp 

- 

V^pp  sin  i|fpg 

(71) 

WqPP 

m 

0 

(72) 

- 

^ 18 

(73) 

- 

n 

2 

(74) 

®FS 

m 

0 

(75) 
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VIII.  Additional  Subroutines  and  Function  Subprograms 

In  addition  to  the  main  Smart  Target  routines  already  described, 
there  are  several  other  subroutines  and  function  subprograms  which  are 
essential  In  completing  this  simulation.  A brief  description  of  these 
subprograms  Is  listed  below. 

SUBROUTINE  TRNSSB 

This  subroutine  transforms  a vector  In  the  body  fixed  reference 
frame,  Fg,  Into  the  stability  axis  system,  Fg.  It  uses  an  Euler  angle 
transformation  through  the  angle  of  attack,  a.  It  Is  called  from  the 
main  program,  PROGRAM  SMTTGT. 

SUBROUTINE  ATMOS 

This  routine  uses  the  two  lowest  layers  of  the  1962  United  States 
Standard  Atmosphere  model  to  determine  the  air  density,  speed  of  sound, 
and  density  ratio.  The  input  required  is  the  aircraft  altitude  In  feet. 

FUNCTION  EXTRA 

This  function  accomplishes  a two-dimensional  Interpolation  of  the 
aerod3mamlc  coefficients  and  stability  derivatives.  All  coefficient 
tables  are  Input  as  a function  of  angle  of  attack  and  Mach  number, 
except  for  thrust  parameters  which  are  a function  of  altitude  and  Mach 
number. 

SUBROUTINE  EULER 

This  subroutine  Is  used  to  solve  the  six  differential  equations  of 
motion.  The  Integration  technique  Is  a straightforward  Euler  method. 

I 
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SUBROUTINE  ISELCT 

This  routine  selects  one  of  six  variables  on  a random  basis.  In 
evasive  and  defensive  situations  ISELCT  Is  called  by  FUNCTION  ISTATE  to 
randomly  select  a maneuver.  The  random  number  used  In  this  selection  Is 
obtained  by  calling  SUBROUTINE  RANDU. 

SUBROUTINE  RANDU 

This  subroutine  utilises  several  library  subprograms  of  the  CDC  6600 
I digital  computer.  These  subprograms,  RANSET,  RANP,  and  RANGET,  are  used 

to  randomly  select  an  Integer  and  a floating  point  random  number  for  use 
In  SUBROUTINE  DESIRE  and  SUBROUTINE  ISTATE. 

Listings  of  these  additional  subroutines  and  function  subprograms 
are  found  In  Appendix  A. 
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IX.  Results 

Once  the  necessary  modifications  were  made  so  that  the  Smart  Target 
Program  would  be  compatible  with  the  COC  6600  computer,  the  F-4  aircraft 
model  was  attached.  The  first  step  in  evaluating  the  simulation  was  to 
determine  if  the  initial  situation  cell  and  corresponding  combat  man* 

1 

euver  were  selected  properly.  There  were  37  sets  of  initial  conditions,  | 

I 

each  corresponding  to  a situation  cell,  which  were  used  to  test  this 
objective.  Examination  of  the  results  indicated  that  the  situation  cell 
and  maneuver,  called  for  in  each  case,  were  exactly  as  expected  for  the 
ideal  pilot  with  a skill  factor  of  zero.  It  was  also  found  that  the 
situation  cells  and  tactics  decisions  were  altered  accordingly  for  the 
pilots  with  skill  factors  of  el  and  -1. 

The  second  step  in  this  evaluation  was  to  determine  if  the  target 
was  actually  maneuvering  in  response  to  his  opponent  with  the  desired 
controls  to  perform  each  of  the  selected  air  combat  maneuvers.  It  was 
found  that  the  desired  control  inputs  to  generate  each  maneuver,  as 
programmed  by  Barrett  (Ref  6),  were  extremely  inadequate.  In  most 
cases,  the  target  did  not  maneuver  in  response  to  his  opponent,  and  the 
actual  maneuver  flight  paths  were  unrealistic.  One  major  deficiency 
noted  in  the  evasive  and  defensive  roles  was  that  because  each  maneuver 
is  selected  on  a random  basis,  there  was  never  sufficient  time  allowed 
to  partially  complete  these  maneuvers.  As  a result,  the  target  would 
switch  randomly  between  evasive  or  defensive  maneuvers,  and  never  estab* 
lish  a consistent  flight  path  long  enough  to  be  an  effective  maneuver. 

An  extensive  modification  was  accomplished  to  SUBROUTINE  DESIRE,  in  an 
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attempt  to  correct  these  problems,  so  that  the  target  was  correctly 
responding  and  generating  realistic  maneuver  flight  paths.  With  the 
Incorporated  modifications,  the  execution  of  the  defensive  and  evasive 
situations  proved  satisfactory.  The  maneuvers  In  the  offensive  and 
attack  role  also  proved  adequate  on  on  Individual  basis,  but  when  the 
maneuvers  were  selected  in  a running  battle.  It  was  not  conclusively 
shown  that  the  target  was  correctly  responding  to  the  opponent. 

Contained  In  Appendix  C are  the  results  obtained  In  simulating  each  Air 
Combat  Maneuver. 

Four  test  cases  were  run  to  ensure  that  the  target  was  responding 
correctly  and  continually  updating  its  maneuvers  based  on  Its  current 
situation  cell.  Within  each  case  the  pilot  skill  factor  was  set  at 
-1,  -.5,  0,  .5,  and  1,  to  check  the  effect  of  the  pilot  on  each  selected 
maneuver.  The  Initial  conditions  for  each  of  these  test  cases  are 
listed  In  Table  III. 

Test  Case  1 was  set  up  so  that  the  Ideal  target  would  be  evasive. 
The  initial  situation  cell  number  was  202  and  the  maneuver  selected  was 
the  high  g roll  over.  After  16  seconds,  the  target  entered  the  offen- 
sive role  and  selected  the  low  speed  yo-yo  to  increase  his  overtake  on 
the  opponent.  As  the  target  continued  to  close  on  the  opponent,  pure 
pursuit  and  the  low  speed  yo-yo  were  alternately  selected  until  the 
completion  of  the  run  at  60  seconds.  Figure  24  shows  the  three-dimen- 
sional flight  paths  and  two-dimensional  ground  track  of  the  Ideal  target 
and  opponent  In  the  evasive  test  case. 

The  second  test  case  was  Initially  programmed  for  the  Ideal  target 
to  be  defensive.  The  hard  turn  was  selected  as  the  first  maneuver,  with 
the  situation  cell  being  number  301.  llie  situation  cell  changed  after 
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Table  III 

Initial  Conditions  for  Smart  Target  Test  Runs 


Variable 

Case  1 

Case  2 

Case  3 

Case  4 

XjE  (ft) 

1,700 

13,000 

-8,000 

-5,000 

VXE 

0 

0 

0 

0 

*TE 

-20,000 

-20,000 

-20,000 

-20,000 

“XE  (fc/s®c) 

800 

800 

655 

800 

v^£  (ft/sec) 

0 

0 

459 

0 

wjg  (ft/sec) 

0 

0 

0 

0 

i1>te 

0 

0 

35 

0 

0-j.g  (deg) 

0 

0 

0 

0 

(deg) 

0 

0 

0 

0 

Pf  (deg/sec) 

0 

0 

0 

0 

qx  (deg/sec) 

0 

0 

0 

0 

Tj  (deg/sec) 

0 

0 

0 

0 

Xqpp  (ft) 

0 

0 

0 

0 

^OPP 

0 

0 

0 

0 

*OPP 

-20,000 

-20,000 

-20,000  - 

-20,000 

uqpp  (ft/sec) 

900 

900 

900 

800 

Vqpp  (ft/sec) 

0 

0 

0 

0 

wqpp  (ft/sec) 

0 

0 

0 

0 

l|fpE  (dsK) 

0 

0 

0 

0 

0p£  (deg) 

0 

0 

0 

0 

0PE 

0 

0 

90 

90 
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TEST  CR3E  i/EVRSIVE 


LEGEND 
□ - TRRGET 
o - OPPONENT 
A -9ND  TRKITO 
+ -eND  TRKIO) 


Fig.  24.  Responsive  Simulation  In  the  Evasive  Role 


12.5  seconds y and  Che  C.’irf;eC  selected  Che  maximum  energy  maneuver.  As 


1 

I 

i 

I 

Che  target  gained  velocity  and  entered  Che  opponent's  rear  hemisphere, 

I the  low  speed  yo-yo  was  chosen  in  order  to  close  on  the  opponent.  This 

j 

Cook  place  after  22.5  seconds  into  the  simulation.  As  Che  target  con- 

I tinued  to  decrease  range,  pure  pursuit  was  selected  after  40.5  seconds. 

1 

! The  target  remained  in  pursuit  until  the  completion  of  the  test  run. 

See  Fig.  25  for  Che  plot  of  Che  defensive  test  case. 

Test  Case  3 was  initialized  so  that  Che  ideal  target  would  be  in 
Che  offensive  role.  The  first  maneuver  selected  was  Che  low  speed  yo-yo 
to  close  on  the  opponent.  The  situation  cell  was  number  403.  After 
5.0  seconds  into  the  run,  Che  target  selected  pure  pursuit.  As  the 
target  turned  with  Lhe  opponent,  Che  rate  of  closure  decreased  and  the 
low  speed  yo-yo  was  selected  to  regain  airspeed  at  10.5  seconds.  AC 

i 

15.5  seconds  Che  target  chose  lag  pursuit  and  continued  Co  Crack  the 
opponent  until  23.0  seconds.  AC  this  point  Che  situation  cell  called 

I for  a barrel  roll  attack.  The  target  continued  in  the  offensive  role, 

! 

but  was  unable  to  improve  his  situation  with  Che  selection  of  the  barrel 
I roll.  The  barrel  roll  was  flown  until  the  end  of  the  test  run  at  60.0 

) seconds.  Fig.  26  shows  this  offensive  test  run. 

I 

I In  the  fourth  test  case,  the  ideal  target  was  set  up  in  Che  attack 

I role.  The  initial  situation  cell  was  504.  The  maneuver  selected  was 

^ the  pure  pursuit  curve  for  a missile  attack.  The  target  tracked  Che 

•PoenenC  for  7.5  seconds,  but  was  unable  Co  null  the  steering  error  to 
•cMeve  s kill.  At  this  point  Che  low  speed  yo-vo  was  selected,  and  the 
f •*  dee#  <ei  the  opponent.  After  36.5  seconds,  the  tar- 
••  ''•I#  «(»4  •rleeted  the  lead  pursuit  curve.  Uhlle 

*.  ••  sarrvl  r"ll  ittach  was 


TEST  CnSE  2/DErENSIVE 


LESEND 
a - THKGET 
0 - OPPONENT 
A -GND  TKKfTI 
+ -eND  TRK(0} 


Fig.  23.  Rosponslvo  Slmulntlon  In  tho  Uofonsivo  Kole 
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TEST  CRSE  S/OFFENSIVE 


II 


LEGEND 
D - TARGET 
0 - OPPONENT 
A -GND  TRK(T) 
+ -6ND  TRK(OI 


Fig.  26.  Responsive  Simulation  In  the  Uffensivo  Role 


chosen.  After  46.5  seconds,  the  low  speed  yo-yo  was  nKnin  selected  and 
maintained  until  the  end  of  the  run  at  60.0  seconds.  The  attack  test 


results  are  shown  In  Fig.  27. 

Tho  final  objective  of  this  study  was  to  evaluate  the  effect  of  the 
different  pilot  skill  levels  to  determine  the  validity  of  tho  pilot 
model.  Upon  examination  of  tho  results  obtained  from  the  four  test 
cases,  using  tho  five  pilot  skill  levels  mentioned  above,  tho  pilot 
model  proved  realistic  throughout  the  simulation.  For  example.  In  Test 
Case  2,  the  Ideal  pilot  was  able  to  convert  the  defensive  situation  into 
an  attack  position.  The  timid  pilot  with  skill  level  of  -1.0,  after  the 
initial  defensive  maneuver,  selected  the  maximum  energy  maneuver  In  an 
attempt  to  disengage.  The  ovor-aggresslvo  pilot  with  skill  level  of  1.0, 
did  convert  to  tho  offensive  role.  However,  because  tho  control  Inputs 
utilized  were  excessive,  the  over-confident  pilot  lost  valuable  airspeed 
and  maneuvering  potential  and  could  not  close  sufficiently  on  the 
opponent  to  be  a throat.  As  expected,  the  pilots  with  skill  factors  of 
0.5  and  -0.5  performed  identically.  Both  were  able  to  convert  from  the 
defensive  to  the  attack  role.  However,  It  took  a longer  period  of  time 
for  these  two  pilots  to  make  this  conversion  than  did  the  Ideal  pilot. 


TEST  CRSE  4/RTTnCK 


LEGEND 
n - TRRGET 
o- OPPONENT 
* -CND  TRK(TJ 
+ -CND  TRK(0} 


Fig.  27.  Responsive  Simulation  in  the  Attack  Rola 


X.  Concliis Ions  nnd  Recommondntlons 


Conclusions 

The  objectives  of  this  study,  as  listed  in  Chapter  1,  have  all  been 
accomplished  to  varying  degrees. 

The  selection  of  maneuvers  based  on  the  situation  space  defined, 
and  the  factors  utilized  to  make  the  selection,  were  all  accomplished 
satlsfactorl ly.  However,  the  decisions  used  to  define  this  situation 
space  and  maneuver  selection  were  based  only  on  the  experience  of 
veteran  F>4  pilots.  With  the  advent  of  high  thrust-to-weight  ratio 
fighters,  with  greater  turning  and  acceleration  capability,  the  situa> 
tion  space  will  need  to  be  modified  to  account  for  these  higher  perfom* 
ance  aircraft.  In  addition,  with  the  ever  increasing  capability  of 
air-to-air  weapons,  further  modlf Ications  in  the  situation  space  and 
decision  parameters  must  be  incorporated  for  the  Smart  Target  Simulation 
to  be  effective. 

The  response  of  the  target  to  the  opponent's  maneuvering  and  the 
ability  of  the  target  to  realistically  fly  each  maneuver  have  not  been 
totally  solved  to  the  author's  satisfaction.  Although  the  controls  to 
fly  each  maneuver  have  proved  sufficient  in  this  study,  actual  implemen- 
tation of  this  program  on  the  LAMARS  may  require  additional  modification 
to  the  DESIRE  subroutine,  because  the  offensive  and  attack  maneuvers 
are  so  dependent  on  the  relative  states  of  the  two  aircraft,  and  because 
the  same  maneuver  may  be  selected  for  several  situation  cells,  the 
present  set  of  controls  may  not  prove  adequate  for  all  selected  situations. 
This  Is  especlallv  true  regarding  the  barrel  roll  attack.  Also,  the 


r 


simple  unresponsive  opponent  model  used  in  this  study  definitely  does 
not  provide  a true  test  Cor  the  offensive  and  attack  maneuvers.  Actual 
evaluation  of  these  roles  may  only  prove  satisfactory  after  the  actual 
LAMARS  simulation  is  accomplished.  It  is  also  concluded  that  there  may 
be  other  weaknesses  in  the  control  laws  which  may  be  found  and  altered 
after  use.  In  addition,  SUBROUTINE  DESIRE  must  be  altered  for  each 
simulated  target  other  than  the  F-4. 

The  target  has  shown  that  it  does  respond  continuously  to  the 
opponent's  maneuvers  by  changing  its  maneuver  in  response  to  the 
opponent.  It  has  also  shown  that  the  variation  in  pilot  skil2  has  a 

I 

definite  affect  on  the  decisions  reached  and  Che  maneuvers  selected.  | 

i 

Recommendations 

Further  development  of  the  air  combat  maneuvers  should  be  anticl» 
paced.  As  new  combat  tactics  are  developed  with  Che  changing  fighter 
and  weapons  capabilities,  new  maneuvers  and  changes  to  existing 
maneuvers  must  be  continually  updated.  \ 

i 

With  the  implementation  of  this  program  on  Che  LAMARS  System,  j 

! 

further  development  of  the  basic  maneuvers,  in  response  to  an  actual  J 

I 

responsive  opponent,  needs  to  be  incorporated.  In  addition,  a more 

advanced  integration  routine  may  be  employed  if  the  Euler  technique  is  ' 

not  sufficiently  accurate  for  smaller  increments  of  time.  | 

Applications  I 

There  are  many  applications  foreseen  in  using  this  responsive  I 

I 

target  simulation.  First  of  all,  the  savings  in  training  costs  would  i 


be  significant.  Une  simulator  sortie  would  accomplish  the  s. 


asKMinC 


of  training  as  two  or  more  actual  flying  sorties.  Also,  the  matter  of 
flying  safety  In  the  dangerous  air  combat  mission  would  be  alleviated. 

Probably  the  greatest  application  of  this  type  of  simulation 
would  be  to  actually  program  Soviet  aircraft  vehicle  dynamics  and 
maneuvers  so  that  realistic  dogfights  could  be  portrayed  in  a training 
environment.  This  would  enable  our  combat  crews  to  be  even  better  pre* 
pared  when  facing  the  enemy  In  a combat  environment. 

In  addition,  a responsive  model  such  as  Smart  Target,  would  be  a 
valuable  tool  In  simulator  evaluations  of  new  alr-to-alr  technology. 

For  example,  alr*to>alr  gun  sights,  air-to-air  weapons,  and  even  new 
design  aircraft  could  be  tested  even  before  actual  development  and 
production  of  such  systems. 
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Smart  Tnr<;ot  Computer  Program  Listing 


This  appendix  contains  the  Fortran  program  listings  of  each  of  the 
programs,  subroutines,  and  function  subprograms  used  In  this  Smart 


Target  simulation  study 
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Appendix  B 


Smart  Target  Aerodynamic  Data 


As  discussed  In  Chapter  VII,  the  moment  equations  are  not  used  In 
the  Smart  Target  model.  Thus,  the  only  aerodynamic  coefficients  and 
stability  derivatives  needed  are  those  for  the  force  equations. 

The  equations  specifying  these  coefficients  are  as  followst 


Cl  • (Cj^q  ♦ C^^a)  (76) 

Co  - ACogjj  (77) 

Cy  - (CvpP  ♦ Cy^r)  (78) 


where, 

Cj^  * coefficient  of  lift 

Cjj  m coefficient  of  drag 

Cy  > coefficient  of  side  force 

? * mean  aerodynamic  chord 

b • wing  span 

V > total  velocity 

These  aerodynamic  coefficients  and  stability  derivatives  are  tabulated 
as  functions  of  Mach  number  and  angle  of  attack.  Table  IV  lists  the 
conventional  designation,  the  definition,  and  a representative  value  from 
the  tables  at  M > .90  and  a > 5^. 


Li 
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Table  IV 

Aerodynamic  Coefficients  and  Stability  Derivatives 


I 

[ 

f 


Designation 

Definition 

Representative 

Value 

Basic  lift  force  coefficient  with 
elevator  sero 

.438 

Basic  drag  coefficient  with  elevator 
sero 

.052 

Drag  coefficient  Increment  due  to  full 
speed  brake  deflection 

.050 

% 

Derivative  of  side  force  coefficient 
respect  to  roll  rate 

with 

.168 

s 

Derivative  of  lift  coefficient  with 
to  pitch  rate 

respect 

4.72 

Cy, 

Derivative  of  side  force  coefficient 
respect  to  yaw  rate 

with 

.72 

Cl. 

a 

Derivative  of  lift  coefficient  with 
to  angle  of  attack  rate 

respect 

1.30 

If 


The  aerodynamic 
the  follouingt 


forces  along  the  stability  axes  are  determined  by 


where* 


Xs  - 

- q S Co  ♦ 

(79) 

Vs  - 

- q S Cy 

(80) 

*s  - 

. q S Cl  ♦ T 

(81) 

S 


M 2 

q ■ dynamic  pressure*  ^ p V 

S • reference  area 

T^  and  T^  • thrust  along  the  x and  s stability  axes* 
S S 

respectively. 
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These  force  equations  written  In  the  stability  axes  are  resolved  Into 
the  wind  axes  by  the  following  transformations 


Xy  • X3  cos  0 e y3  sin  0 • mg  sin  6^ 


yw  • •X3  sin  0 ♦ y3  cos  0 e mg  sin  cos  9^ 


Sy  a e mg  cos  Oy  cos  0, 


W ''w 


Eqs  (82),  (83),  and  (84)  are  then  utilised  to  compute  the  Euler 
angle  rates  for  the  wind  axes. 
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Appendix  C 


Smart  Target  Test  Results 


This  appendix  contains  the  results  obtained  In  the  simulation  of 
each  Air  Combat  Maneuver.  A discussion  of  the  desired  controls  to  fly 
each  maneuver  Is  given,  along  with  a tabular  listing  of  the  results 
obtained.  Refer  to  Chapter  IV  for  a detailed  description  of  each 
maneuver  and  to  Appendix  A,  SUBROUTINE  DESIRE,  for  the  exact  controls 
used. 

Evas Ive  Maneuvers 

Hard  Pull  Up.  The  hard  pull  up  was  programmed  as  a wings  level 
climb  at  maximum  angle  of  attack  using  Idle  thrust.  The^ results  of  this 
maneuver  are  shown  In  Table  V,  based  on  pitch  angle  attained.  As  de> 
sired,  angle  of  attack  Increased  rapidly,  with  a corresponding  Increase 
In  pitch,  and  a significant  loss  In  airspeed. 


Table  V 
Hard  Pull  Up 


Pitch  Angle  • 6 
(deg) 

Angle  of  Attack  - a 
(deg) 

Velocity  - V^ 
(ft/sec) 

Time 

(sec) 

0.0 

3.13 

750.00 

0.00 

10.0 

10.61 

672.95 

1.35 

20.0 

16.81 

662.08 

1.50 

30.0 

23.61 

636.82 

1.84 

40.0 

28.14 

595.90 

2.41 

SO.O 

29.60 

526.17 

3.50 

60.0 

29.95 

442.42 

5.00 

70.0 

30.00 

297.84 

8.50 
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Split  S.  The  split  s was  simulated  by  utlllElnK  a maximum  roll 
rate  to  achieve  an  Inverted  attitude.  Maximum  angle  of  attack  was  then 
applied  to  cause  the  target  to  turn  In  the  vertical  plane.  The  desired 
result  was  a heading  change  of  180°  plus  a slight  Increase  In  airspeed 
due  to  the  addition  of  Che  gravity  vector  in  Che  vertical  turn.  Table 
VI  shows  how  Che  flight  path  changed  based  on  pitch  angle. 


Table  VI 
Split  S 


Pitch  Angle-9 
(deg) 

Bank  Angle*< 
(deg) 

Heading  Angle-)}; 
(deg) 

Voice ity-Vf 
(ft/sec) 

Time 

(sec) 

0.0 

0.0 

0.0 

550.00 

0.0 

-30.0 

179.5 

0.0 

558.94 

4.5 

-60.0 

180.0 

0.0 

552.74 

6.5 

-90.0 

0.0 

180.0 

573.65 

8.5 

—60. 0 

0.0 

180.0 

606.26 

10.5 

-30.0 

0.0 

180.0 

632.43 

12.5 

0.0 

0.0 

180.0 

638.17 

15.0 

Hard  Turn.  By  commanding  a m^uclmum  angle  of  attack  turn  with  • 
bank  angle  of  80°,  the  hard  Cum  simulated  In  Smart  Target  proved  very 
effective.  The  results  showed  Chat  a Cum  using  these  controls  pro- 
vided a heading  change  of  240*^  In  20  seconds. 

Hard  Turn  Followed  by  a Turn  Reversal.  The  controls  used  to  simu- 
late this  maneuver  were  the  same  as  the  hard  Cum.  The  Initial  direc- 
tion of  Cum  was  selected  at  random,  and  the  Cum  reversal  was  accom- 
plished after  a 10  second  delay.  In  a 20  second  time  interval  Che 

o 

target  was  able  to  generate  130  heading  change  In  one  direction 
followed  by  an  88°  heading  change  In  the  opposite  direction. 
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i High  G Roll  Over.  To  simulate  the  high  g roll  over*  maximum  angle 

of  attack,  bank  angle  change  of  per  second,  maximum  sideslip  angle, 
and  Idle  thrust  were  used.  The  desired  results  were  a vector  roll  of 
360®,  with  a large  decrease  In  velocity.  Table  VII  shows  the  results  of 
the  high  g roll  over. 


Table  VII 
High  G Roll  Over 


Bank  Angle-0 
(deg) 

Pitch  Angle-9 
(deg) 

Veloclty-V-j 
(f t/soc) 

Time 

(sec) 

90.0 

0.0 

873.0 

0.0 

43.0 

26.0 

643.0 

2.3 

0.0 

41.0 

323.0 

4.3 

-43.0 

33.0 

430.0 

3.8 

-90.0 

ll.O 

360.0 

8.0 

-133.0 

-20.0 

304.3 

10.0 

-180.0 

-40.0 

279.0 

11.8 

133.0 

-46.0 

273.0 

13.3 

90.0 

-36.0 

289.0 

13.3 

High  G Roll  Underneath.  The  high  g roll  underneath  was  accomplished 
using  the  same  controls  as  the  high  g roll  over.  However,  in  a turning 
fight  with  low  airspeed,  the  roll  must  be  initiated  in  the  direction  of 
bank.  In  an  attempt  to  turn  over  the  top  with  this  low  airspeed,  the 
aircraft  would  stall,  and  the  maneuver  would  have  to  be  aborted.  The 
results  of  the  high  g roll  underneath  are  shown  In  Table  VIII. 
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Table  VIII 

High  G Koll  Underneath 


Bank  Angle-0 
(deg) 

Pitch  Angle-d 
(deg) 

Veloclty-V- 

(ft/sec) 

Time 

(sec) 

90.0 

0.0 

675 

0.0 

13S.0 

-40.0 

548 

2.5 

180.0 

-62.0 

485 

4.2 

-135. 0 

-69.0 

456 

6.0 

-90.0 

-58.0 

442 

8.0 

-45.0 

-38.0 

434 

10.0 

0.0 

-27.0 

426 

11.7 

45.0 

-32.0 

412 

13.6 

90.0 

-53.0 

396 

15.5 

Maximum  Energy  Maneuver.  The  cent  .s  used  to  simulate  this 
maneuver  were  zero  angle  of  attack,  maximum  thrust,  with  wings  level. 
The  purpose  of  the  maneuver  Is  to  gain  as  much  airspeed  as  possible  In 
a short  period  of  time.  Table  DC  Indicates  the  results  attained. 


Table  IX 


Maximum  Energy  Maneuver 


Pitch  Angle-8 
(deg) 

Angle  of  Attack-a 
(deg) 

Time 

(sec) 

Veloclty-Vj 

(ft/sec) 

0 

3.13 

0.0 

650 

-5 

0.27 

3.0 

669 

-10 

0.02 

5.0 

707 

-15 

0.00 

7.0 

756 

-20 

0.00 

9.5 

824 

-25 

0.00 

11.7 

887 

-30 

0.00 

15.0 

992 
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th«s«  results  vsrsus  a non-maneuvering  opponent. 


Table  XI  | 

Vertical  Rolling  Scissors 


Bank  AngIe-0 
(de?) 

Pitch  Angle-6 
(der) 

Angle  of  Attack-a 
idcr) 

Time 

(see) 

Velocity-Vx 

(ft/sec) 

0.0 

0.0 

3.13 

0.0 

750 

90.0 

4.4 

28.53 

2.5 

695 

180.0 

-66.0 

30.00 

6.5 

629 

90.0 

-83.0 

30.00 

10.0 

553 

0.0 

-18.0 

30.00 

14.5 

478 

ISO 
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Scissors.  The  scissors  maneuver  accomplishes  a series  of  turn 
reversals  In  an  attempt  to  force  the  opponent  to  the  target's  twelve 
o'clock  position.  These  turns  were  performed  at  90*^  of  bank,  maximum 
angle  of  attack,  and  Idle  thrust.  The  results  of  this  maneuver  are 
shown  In  Table  XII  against  a non-maneuvering  opponent. 


Table  XII 
Scissors 


Bank  Angle-ill 
(deg) 

Pitch  Angle-0 
(deg) 

Aivgle  of  Attackm 
(deg) 

Time 

(sec) 

Veloclty-Vj 
(f t/sec) 

0 

0 

3.13 

0.0 

750 

-90 

5.15 

29.27 

3.0 

678 

0 

49.00 

30.00 

6.7 

590 

90 

33.00 

30.00 

10.3 

509 

Offensive  Maneuvers 

Pursuit  Curves.  For  lead,  lag,  and  pure  pursuit  maneuvers,  the 

target  was  progr^umned  to  null  Its  steering  error  and  match  that  error 

with  the  desired  pursuit  angle.  By  varying  the  desired  bank  angle, 

angle  of  attack,  and  thrust,  based  upon  the  magnitude  of  steering  error, 

the  target  was  placed  upon  the  desired  pursuit  course.  In  testing  all 

of  the  pursuit  maneuvers  against  a non-maneuvering  target,  the  control 

o 

Inputs  appeared  to  hold  the  target  within  5 of  the  desired  pursuit 
curve. 

High  Speed  Yo-Yo.  The  purpose  of  the  high  speed  yo-yo  Is  to 
maneuver  In  both  the  vertical  and  horlsontal  planes  to  preclude  over- 
shooting the  opponent  by  possessing  an  excessive  amount  pf  overtake. 

This  was  accomplished  by  commanding  a roll  of  90°  from  the  target's 
original  bank.  By  rolling  out  of  the  opponent's  plane,  and  using 
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maximum  angle  of  otCack  and  idle  thrust,  he  was  able  to  maintain  tha 
attack  role  and  stay  In  the  opponent's  rear  hemisphere.  As  the  range 
rate  Increased  following  the  rolling  maneuver,  the  target  selected  e 
pure  or  lead  pursuit  curve  to  remain  on  the  attack.  The  high  speed 
yo-yo  parameters  versus  a non-maneuvering  opponent  are  given  In  Table 
XIII. 

Table  XIII 
High  Speed  Yo-Yo 


Bank  Angle-|D 
(deg) 

Pitch  Angle-0 
(dog) 

Angle  of  Attack-a 
(deg) 

Time 

(sec) 

Veloclty-VT 

(ft/sec) 

0.0 

0.0 

3.13 

0.0 

900 

6S.0 

3.0 

8.13 

.7 

891 

90.0 

5.0 

12.39 

3.0 

875 

90.0 

-3.2 

29.14 

7.4 

821 

90.0 

-6.7 

30.00 

9.3 

793 

45.0 

-4.7 

2.39 

11.4 

817 

0.0 

-6.7 

2.39 

15.0 

884 

Low  Speed  Yo-Yo.  This  offensive  maneuver  was  utilized  to  Increase 
the  target's  overtake  while  reducing  angle  off.  To  simulate  the  low 
speed  yo-yo,  the  target  was  programmed  to  turn  with  the  opponent  air- 
craft. Once  the  angle  off  was  less  than  35^,  an  acceleration  was 
commanded  to  increase  the  target's  velocity.  Maximum  thrust,  zero  angle 
of  attack,  and  actual  bank  angle  were  used  for  the  acceleration.  Table 
XIV  shows  the  results  of  this  maneuver. 

Barrel  Roll  At  tack.  The  barrel  roll  attack  proved  to  be  the  most 
difficult  maneuver  to  realistically  simulate.  Four  sets  of  controls 
are  required  to  simulate  each  segment  of  this  maneuver.  The  desired 
control  Inputs  are  heavily  dependent  on  relative  dynamics  of  both 
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Tnblo  XIV 
Low  Spoed  Yo-Yo 


Bank  Angle-0  Pitch  Angle-9  Anglo  of  Attack<<X  Time  Velocity-  vx 

(deg)  (deg)  (deg)  (sec)  (ft/sec) 


0.0 

0.0 

3.13 

0.0 

800 

-45.0 

1.3 

8.13 

1.0 

789 

-85.0 

-1.8 

13.13 

3.0 

777 

-85.0 

-2.9 

1.57 

4.0 

788 

-72 

-3.4 

0.00 

6.5 

834 

-72 

-6.8 

0.00 

10.0 

895 

aircraft,  and  the  barrel  roll  Is  selected  for  five  different  situation 
cells.  For  these  reasons,  an  adequate  simulation  was  not  accoopllshed. 

I The  present  controls  Included  in  SUBROUTINE  DESIRE  for  the  barrel  roll 

attack  are  definitely  Inadequate,  mainly  due  to  the  unrealistic  method 
of  switching  between  the  dvslred  controls  for  each  maneuver  segment. 

Attack  Maneuvers 

All  of  the  attack  maneuvers  utilized  the  desired  controls  from  the 
pursuit  curves.  The  missile  attack  was  simulated  using  the  pure  pursuit 
controls.  The  gun  attack  used  a lead  pursuit  of  20°,  and  the  head-on 
gun  attack  was  performed  with  a 10°  lead  angle.  The  results  of  the 
attack  maneuvers  showed  that  the  simulated  parameters  necessary  to 
achieve  a kill  may  be  overly  restrictive.  The  exact  pursuit  curves 
required  for  these  attacks  were  unable  to  be  attained  for  the  required 
amount  of  tracking  time  for  a simulated  kill. 
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